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Summary

The first two years research work has advanced the inversion-based guidance theory for:

¢ systems with non-hyperbolic internal dynamics;

systems with parameter jumps;

e systems where a redesign of the output trajectory is desired; and

the generation of recovery guidance maneuvers.

Non-hyperbolic Internal Dynamics

Output tracking for nonminimum phase nonlinear systems with non-hyperbolic and near
non-hyperbolic internal dynamics was developed. This approach integrated stable inversion
techniques, that achieve exact-tracking, with approximation techniques, that modify the
internal dynamics to achieve desirable performance [1]. Such modification of the internal
dynamics was used (a) to remove non-hyperbolicity which is an obstruction to applying
stable inversion techniques and (b) to reduce large preactuation times needed to apply stable
inversion for near non-hyperbolic cases. This approach has been extended to nonlinear
systems [2].

Systems with Parameter Jumps

The exact output tracking problem for systems with parameter jumps was considered [3].
Necessary and sufficient conditions were derived for the elimination of switching-introduced
output transient. While previous works had studied this problem by developing a regula-
tor that maintains exact tracking through parameter jumps (switches), such techniques are,
however, only applicable to minimum-phase systems. In contrast, our approach is also appli-
cable to nonminimum-phase systems and leads to bounded but possibly non-causal solutions.
In addition, for the case when the reference trajectories are generated by an exosystem, we
developed an exact-tracking controller which could be written in a feedback form. As in
standard regulator theory, we also obtained a linear map from the states of the exosystem to
the desired system state, which was defined via a matrix differential equation. The constant
solution of this differential equation provided asymptotic tracking, and coincided with the
feedback law used in standard regulator theory.

Work has been initiated to connect this work to the control of hybrid systems.

Output Trajectory Redesign

We studied the optimal redesign of output trajectory for linear invertible systems [4, 5].
The specified output trajectory uniquely determines the required input and state trajectories,
that are found through inversion. These input-state trajectories exactly track the desired
output, however, they might not meet acceptable performance requirements. For example,
the required inputs might cause actuator-saturation during an exact tracking maneuver, for
example, in the flight control of conventional take-off and landing aircraft. In such situations,
a compromise is desired between the tracking requirement and other goals like reduction of
internal vibrations and prevention of actuator saturation - the desired output trajectory






needs to be redesigned. We posed the trajectory redesign problem as an optimization of a -
general quadratic cost function, and solved it in the context of linear systems.

This theory is currently being extended to nonlinear systems, and will be applied to (a)
the flight control of conventional take-off and landing aircraft and (b) to the guidance of the
landing maneuvers for the Space Shuttle. Results will be submitted to the 1998 CDC and
the 1998 AIAA Conference on Guidance and Navigation (and to the related journals).

Recovery Guidance Maneuvers for Linear Systems

We studied the development of recovery guidance maneuvers for linear systems which
may have actuator-saturation or actuator rate-limits [6]. Note that if a fixed regulator
is used to stabilize a desired state trajectory (guidance law), large initial tracking errors
can lead to input saturation, which can result in performance deterioration. A method to
modify the guidance law for recovering state-trajectory tracking (without violating input and
state constraints) was developed. Although it may be usually feasible to find a satisfactory
recovery guidance maneuver for a given initial tracking error, online development of recovery
guidance maneuvers may not be computationally tractable. A technique was also developed
to use precomputed recovery guidance maneuvers (for a finite set of initial tracking errors)
to generate recovery guidance maneuvers for other initial errors. The technique was applied
to an illustrative example with input-magnitude-limits and input-rate-limits.

The convexity arguments used in this work, along with our results for switched systems,
will form the basis of future research into hybrid systems.
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Output Tracking with Nonhyperbolic and Near Nonhyperbolic
Internal Dynamics: Helicopter Hover Control
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A technique to achieve output tracking for nonminimum phase linear systems with nonhyperbolic and near
nonhyperbolic internal dynamics is presented. This approach integrates stable inversion techniques, which achieve
exact tracking, with approximation techniques, which modify the internal dynamics, to achieve desirable perfor-
mance. Such medification of the internal dynamics is used 1) to remove nonhyperbolicity, which is an obstruction to
applying stable inversion techniques, and 2) to reduce large preactuation times needed to apply stable inversion for
near nonhyperbolic cases. The method is applied to an example helicopter hover control problem with near nonhy-
perbolic internal dynamics for illustrating the tradeoff between exact tracking and reduction of preactuation time.

I. Introduction

RECISION output tracking controllers are needed to meet in-

creasingly stringent performance requirements in applications
such as flexible structures, aircraft and air traffic control, robotics,
and manufacturing systems. Although perfect tracking of mini-
mum phase systems is relatively easy to achieve, output tracking
of nonminimum phase systems tends to be more challenging due
to fundamental limitations on transient tracking performance.! This
poor transient performance has been mitigated by using preactua-
tion in the stable inversion-based approaches for nonminimum phase
systems.>~* However, the required preactuation time (during which
most of the preactuation control effort is required) is large if the zeros
of a linear system that lie on the open right-half of the complex plane
are close to the imaginary axis. In the limiting case, with the zeros
on the imaginary axis (nonhyperbolic internal dynamics), presently
available inversion-based techniques fail because the preactuation
time needed becomes infinite. We present a design technique for
output tracking of linear nonminimum phase systems, which have
nonhyperbolic and near nonhyperbolic nonminimum phase internal
dynamics. This technique is then applied to an example helicopter
hover control problem, and simulation results are presented.

Output tracking has a long history marked by the development
of regulator theory for linear systems by Francis and Wonham®
and the generalization to the nonlinear case by Isidori and Byrnes.’
These approaches asymptotically track an output from a class of
exosystem-generated outputs. Further, the Isidori-Byrnes regulator
has been extended in Refs. 8 and 9 and computational issues have
been studied in Refs. 10and 1 1. Although nonlinear regulator design
is computationally difficult, the linear regulator is easily designed
by solving a manageable set of linear equations. A problem, how-
ever, with the regulator approach is that the exosystem states are
often switched to describe the desired output; this leads to transient
tracking errors after the switching instants. Such switching-caused
transient errors can be avoided by using inversion-based approaches
to output tracking.*'? Thus, it is advantageous to use inversion-
based output tracking when precision tracking of a particular output
trajectory is required.

Inversion, which is key to our approach, was restricted to
causal inverses of minimum phase systems in the early works by
Silverman'? and Hirschorn'* because these approaches lead to un-
bounded inverses in the nonminimum phase case. Di Benedetto
and Lucibello® considered the inversion of time varying nonmini-
mum phase systems with a choice of the system’s initial conditions.
Instead of choosing initial conditions, preactuation was used by

Received Oct. 2, 1996; revision received Jan. 14, 1997, accepted for pub-
lication Jan. 28, 1997. Copyright © 1997 by the American Institute of Aero-
nautics and Astronautics, Inc. All rights reserved.

*Assistant Professor, Department of Mechanical Engineering. Member
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noncausal stable inversion techniques developed in Refs. 2-5 and 1 6.
Such noncausal inverses, which require preactuation, have been suc-
cessfully applied to the output tracking of flexible structures'” '® and
aircraft and air traffic control.'*?” However, the fundamental limita-
tion of presently available inversion schemes is that they fail if the in-
ternal dynamics is nonhyperbolic. Even when the internal dynamics
is hyperbolic, if the right-half-plane zeros of the system are close to
the imaginary axis (the near nonhyperbolic case), then the required
preactuation time tends to become unacceptably large. In summary,
output tracking remains a challenge for nonminimum phase systems
with nonhyperbolic or near nonhyperbolic internal dynamics.

There are several approximation-based output tracking tech-
niques, where the central philosophy is to replace the internal dy-
namics with a dynamics that provides satisfactory behavior, and
then to develop the controller based on the altered system.2'~2* The
technique most relevant to this paper is developed by Gopalswamy
and Hedrick,? where trajectory modifications are considered to sta-
bilize the internal dynamics. This technique, however, requires hy-
perbolicity of the internal dynamics for computational purposes.
The development of computational technigues for stable inversion
(e.g., Ref. 16) motivates the present integration of the stable inver-
sion scheme with approximation techniques, especially for systems
with nonhyperbolic internal dynamics where the existing stable in-
version techniques fail. However, instead of stabilizing the unstable
internal dynamics, we only aim to modify the nonhyperbolic behav-
ior with a small perturbation of the internal dynamics. Additionally,
in nonminimum phase systems with near nonhyperbolic internal dy-
namics, the present approach allows a tradeoff between the precision
tracking requirement and the amount of preactuation time needed
to apply the stable inversion-based output tracking technique.

The approximate inversion-based technique is developed in
Sec. 11, and the technique is applied to a helicopter hover control
example in Sec, 111, where simulation results are discussed. Conclu-
sions are in Sec. IV.

II. Stable Inversion

A. Inversion-Based Output Tracking Scheme

Here we describe how the inversion approach is used to develop
output tracking controllers. Consider a linear system described by

x(1) = Ax(1) + Bu(n), y(£) = Cx(1} (H

which has the same number of inputs as outputs, u(t), y(t) € W and
X(r) € M. Let y,(-) be the desired output trajectory to be tracked.
Then in the inversion-based approach, first, we find a nominal input-
state trajectory [#(-), x.s(-)] that satisfies the system equations (1)
and yields the desired output exactly, i.e.,

“.'rct'(r) = Axer(1) + Bug(r)

Vi € (—~00, 00
Ya ([) = ercl'([) )

)
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Second, we stabilize the exact-output yielding state trajectory X ()
by using state feedback (see Fig. 1). Thus, x(¢) — Xx.(r) andy(t) —
ya(t) as t —> oo, and output tracking is achieved. It is noted that
in this output tracking scheme, the reference state trajectory ¥(-)
and the feedforward input ug(-) are computed off-line. Whereas
stabilization of the reference state trajectory can be easily achieved
through standard techniques® such as state feedback of the form
K [x(t) —xi(¢)], the main challenge is to find the inverse input-state
trajectory [ug (), Xer(+)], especially for systems with nonminimum
phase dynamics. This paper addresses the off-line computation of
the inverse input-state trajectory for a given desired trajectory, y,(-).

B. Internal Dynamics

In this subsection, it is shown that finding the inverse input-state
trajectory is equivalent to finding bounded solutions to the system’s
internal dynamics. Let the linear system (1) have a well-defined vec-
tor relative degree, r ;= {r|, r2, ..., r,]. Then the output’s deriva-
tives are given as?

d™ v
dirx

where C, is the kth row of C and | < k < p. In vector notation, let
Eq. (3) be rewritten as

= C,A"x + C,A* 'Bu 3)

YO = Ax(t) + Bu(t) (4)
where
T
Yo = d'y, d?ym o dry,
’ din dim dere
C AN C|ArlalB
C, A" CgA’l"B
A, = . B_v = .
C,A™ C,A""'B

and B, is invertible because of the well-defined relative degree as-
sumption. Equation (4) motivates the choice of the control law of
the form

u(t) = B, [y (1) — Ax(1)] (3)

for all t € (—o0, 0o). Substituting this control law in Eq. (4), it is
seen that exact tracking is maintained, i.e.,

yO 0 =y

To study the effect of this control law, consider a change of coordi-

nates T such that?
[cm] T
n(t)

where {(t) consists of the output and its time derivatives
d’l“ d"2—l

— ¥ Y2,

dt'l"y1 ¥ dt'zﬁlyz

d’l"l ’
s dl”"lyp

¢(r) = [yh}"l,....

Y Y -

The system equation (1) can then be rewritten in the new coordinates
as

¢y = A+ Am + B (6)
17(!) = A;C + A.ﬂ'] + Bzu (7
where
A= T'AT = é' "}2 and B = él =T'B
Ay Ay B,

In the new coordinates, the control law for maintaining exact track-
ing {Eq. (5)] can be written as

u(t) = B, [y (1) — ArCu (1) — Am(n)] ®)

A
[ t:l =A, T
A,

Note that the desired {(-) is known when the desired output tra-
jectory y4(-) and the output’s time derivatives are specified. This
desired ¢(-) is defined as {,(-). Inasmuch as the control law was
chosen such that exact tracking is maintained, y' (¢) = 4 (), we
also have C(t) = C,,(r), and Egs. (6) and (7) become

where

¢y = ¢, ©)
() = AsC + A + BaB [y () = AcCy() — Am(n] (10)

This is the inverse system, and in particular, Eq. (10} is the internal
dynamics. Solving the internal dynamics is key to finding the inverse
input-state trajectories. If a bounded solution 1,(-) to the internal
dynamics (10) can be found, then the feedforward input can be found
through Eq. (8) as

un(t) = B[y () — AcCu(t) — Ay ()] (1)

and the reference trajectory can be found as

- Crl (1)
re =T
* r(t) I:"L/ ([)]

Thus, a bounded solution to the internal dynamics (10) is required
to find the inverse and to apply the output tracking scheme shown
in Fig. 1.

C. Modified Internal Dynamics

Standard inversion schemes'*'* that integrate (forward in time)
the internal dynamics (10) lead to unbounded solutions because
the internal dynamics is unstable for nonminimum phase systems.
Noncausal inversion (e.g., Ref. 4) leads to a bounded but noncausal
solution to the internal dynamics. Such stable inversion techniques
are, however, not applicable to systems with nonhyperbolic internal
dynamics. In this subsection a compromise between stable inversion
and approximation-based inversion schemes is proposed. The key is
to modify the internal dynamics by giving up exact output tracking,
enough to remove the nonhyperbolicity, and then to apply stable
inversion. Note that the system zeros are not being modified by
output feedback (which is impossible): rather, the inverse system
is perturbed to a nearby system, which has better behaved internal
dynamics, for stable inversion. The difference between the proposed
technique and other approximation techniques is that the internal
dynamics is perturbed only to remove the nonhyperbolicity and not
to stabilize the entire internal dynamics.

To change the nonhyperbolicity of the internal dynamics, an extra
term, v(¢), is added to the control law (8} as follows:

un(t) = B, [y — ALy — A +v(0] (1)
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With this modified control law, the inverse system [Eqgs. (9)and (10)]

becomes
d [e.(t) e e (1)
dtl:n(t)] = S[TI(’):I + G, Y (1) + Gv(t) (13)

wheree, (t) == ((1)—¢, (1) isthe error in the output and the output’s
derivatives,

o[ Ao =[5
T (A= BB'A) (A - BuBlta,) | 0T By

G 0 0 Y, () Gy (1)

= ~ A ~ y ) =

YT (A - BiBytAy) BuB d PO
A = diaglA|, Ay, ..., A,)

where each A; is an r; x r; zero-matrix with ones on the elements
above the main diagonal (forall | <i < D).

Assuming that the original system (A, B) is controllable, we also
have (S, G,) controllable, and hence there exists a feedback of the

form

e (1

vty = £| &0 (14)

()
such that the modified inverse system (13) is hyperbolic; i.e., all
poles on the imaginary axis are moved. Note that this change to
an hyperbolic system can be achieved through arbitrarily small £
because nonhyperbolicity is not a structurally stable property. The
hyperbolic system

de 1) A e (1)
— = ($S+G,F G,Y,
dt[nm] §+ >[nm]+ Y0

=s{%DN LGy (15)
n(t) :

is the modified inverse system. This modification of the internal
dynamics can also be used to move unstable poles of the inverse
system that may be close to the imaginary axis for reducing the
required preactuation time. Next, stable inversion of the modified
inverse system is carried out.*

D. Computation of the Inverse

We begin by decoupling the modified inverse system (15) into
stable (z,) and unstable (z,) subsystems. Because the modified in-
verse system is hyperbolic, there exits a decoupling transformation
U such that the modified inverse system (15) can be written as

Z.\ XS sz.r(t) + G.\' Yd(’)v 214 (1) = Suzu(t) + Gu Y(I(t)
(16)

z,(t) e (1)
z(r) = =U 17
© [zu (r)] [nm an
To find bounded solutions to the unstable inverse systems, the
boundary conditions that z,(—o0) = 0 and z, (00) = 0 are applied
to Eq. (16). This leads to unique bounded solutions to the modified

inverse system by flowing the stable subsystem forward in time and
flowing the unstable system backward in time as

where

13
Ze4(t) =/ e OG Y, (1) dr Y1 € (—o0, o0)
o (18)
Z,4(t) = —/ e =IG Y, (1) dr Yt € (—o0, 00)
!

This completes the technique. To summarize, the bounded solu-
tion (18) is used to find the reference state trajectory as x;(f) =
T~'U~'z4(¢) and to find the feedforward input u(-) from Eq. (12).
This inverse, [ug(+), Xe(-)], is then used in the control scheme
shown in Fig. | to obtain output tracking.

E. Preactuation Time and Unstable Poles of the Inverse System

The connection between the amount of preactuation time required
to apply the inversion-based feedforward input and the unstable
poles of the modified inverse is established in the following Lemma,

Lemma:

1) Let the support of ¥,(-) be contained in [, o) for some .

2) Let all of the unstable poles of internal dynamics represented
by the eigenvalues of S, lie to the right, in the complex plane, of the
line Re(s) = « for some positive a.

I Let |G.Ys(Miw < B.

Then there exists M such that |lug(t)|l., < Me®=% for all time
before the start of the maneuver, ¢ < #,.

Proof: From condition 2 of the Lemma, there exists a positive
constant M, such that

eSult—7)

aft ~ 1)
o < Mse Vi<t (19)

Then for all ¢ < ¢,

lua ()l = || B [ () = A€ = Aoy +v(0] ||
from Eq. (12)

= | B'1=Acs — Ao + v 01|
from condition 1 of Lemma

gl (BN i

from Eq. (14) and condition 1 of Lemma
e, (1)
L.
o)
7 ],
[z.;(t):l
z,(1)

= AulloollU ™ oo 1z ()1l
because z,(¢) = 0 for allt < ¢,

H

lAullo

S NAullaclU o from Eq. (17)

oG

= 1AulloollU / e IG, Y, (1) dr
! o
from Eq. (18)

= lAulollU™ " % / eESUOG Y, () dr
o =]

from condition 1 of Lemma

< ﬂMsunAuuxnu—'”w/ U

o

from Eq. (19) and condition 3 of the Lemma. Integrating the pre-
ceding expression, we get

(Dl < (ﬂMsu/d)"AU”x”U"l“xea(l—yu)

= Me® — )

which concludes the proof. ]
The Lemma states that the preactuation input tends to zero expo-
nentially, as we go back in time from the start of the maneuver at £
The rate at which the preactuation becomes zero can be increased
by moving the unstable poles of the modified inverse away from the
imaginary axis at the expense of exact output tracking. The tradeoff
between exact tracking of the desired output and reduction of the
preactuation time is illustrated in the following example.

III. Example: Helicopter Hover Control

Here, we apply the output-tracking technique to the hover con-
trol of a Bell 205 helicopter, which has near nonhyperbolic unstable
internal dynamics. We consider one of the cases studied in Ref. 26,
wherein the aircraft dynamics was trimmed at a nominal 5-deg pitch
attitude, with a midrange weight and a midposition center of grav-
ity and operating in-ground effect at near sea level. The linearized
model is given ag?®?

X = Ax + Bu (20)
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where
" 0 003 018 -001 -042 008 -981 0 |
-0.10 —0.39 009 -0.10 -0.72 0.68 0 0
001 -0.01 -0.19 0 023 0.04 0 0
A 0.02 0 ~-0.41 -0.05 -027 027 0 9.81 @
] 003 -002 -—-0.88 -004 057 0.14 0 0
-0.01 -0.02 -0.06 007 -032 -0.71 0 0
0 0 1 0 0 0 0 0
0 0 0 0 1 0 0 0 |
© 0.08 0.13 0 o 7 where 8¢ is collective, 8z longitudinal cyclic, 8, lateral cyclic, and
8 p tail rotor collective.
—L17 004 0 0.01 It is noted that the helicopter’s actual dynamic behavior ditfers
0 -007 0 00! because of modeling errors such as nonlinearities and unmodeled
—-0.04 0 0.11  0.19 dynamics. In output tracking control schemes that depend on the
B = _0.04 0 022 017 (22) model, such modeling errors need to be corrected through feed-
: i ) back in the control scheme (see Fig. 1). In particular, modeling
0.17 0 003 -047 errors can be compensated by robust stabilization of the reference
0 0 0 0 state trajectory (see, for example, Ref. 26). The goal is to develop
] g
L 0 0 0 0 inversion-based feedforward and reference state trajectories for use
in the control scheme shown in Fig. 1. In the following, we apply
the inversion technique to control the helicopter’s forward, lateral,
U _} and vertical velocities and its yaw rate. The forward velocity and the
w yaw rate are 1o be kept at zero, and the desired profiles of lateral and
vertical velocities and accelerations are as shown in Figs. 2 and 3.
0 g
_ 4 23) A. Internal Dynamics
*=ip To find the internal dynamics, we begin with a change in the
R coordinates. Let ¢ be defined as the outputs
0 RUGE
w()
L ¢ o=y (25)
where U is forward velocity, W vertical velocity, Q pitch rate, V R(D)
lateral velocity, P roll rate, R yaw rate, 6 pitch attitude, and ¢ roll - -
attitude, and and let 1 be the remaining states
dc ()]
dn a0
u = 5, (24) nt) = PO) (26)
Sp Lo
' '
0.3k =
2 :
g- 025_ ................................... .................................... -~
= :
8
'§ 02 ............................................................................................................
3 | |
=4 : .
Q>) 0.15..~ ...... ST ‘ ................................... 4
° : :
c
3
g O | momm e 4
g
o . :
2 005_ ..................................... PP |
g : :
° : :
0
-0.05 5 5
-5 0 5 10

time (s)

Fig. 2 Desired lateral and vertical velocity profile.
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Fig. 3 Desired lateral and vertical acceleration profile.
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Fig.4 Lateral and vertical velocity achieved by the inverse reference state trajectory: - .. . - » exact-tracking case without modification of the internal
dynamics and - - -, with medification.
In the (¢, ) coordinate system, given by Given a desired output trajectory and the desired output’s time
_ derivatives, [{, (), {,()], the exact output tracking control law (see
[1 0000000 Sec. I1.D) is found from Eq. (28) as
01000000 (1) = B¢, () = A14(0) — Aam(0)] (29)
00010000 Hrlt) =& 16 16d 2 '
[((z)] 00 0O0O0T1O0OO © With this control law, the inverse system becomes [from Eq. (28)]
= X
n(t) 001 00000 . .
1) =, 30
000000 1 0 <) = ¢ (0 (30)
00001 000 () = Am(t) + AC() + Buu(o)
00 00O0O0OTO0QO]1 _ e
- | = [As = BB  Ax] (1) + ByB [E4(0) — ALC,(1)]
= Tx(t) 27

the system equations can be rewritten as

§(’)] = TAT™! C(r)] + T Bu(t)
n(t) (1)

A Al ¢ B,
= Ao [oe

= A + BB, (0) - A G, (D)

€2}

The problem is solved by finding a bounded solution to the internal
dynamics (31). However, the bounded solution found through stable
inversion is noncausal and could require a large preactuation time if
the poles of the internal dynamics are unstable and lie close to the
imaginary axis in the complex plane. For this particular example,
(28) there are two such complex conjugate poles near the imaginary axis,
0.0425 £+ 4.3055i. We modify the exact tracking control law (29) to
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Fig.5 Forward velocity and yaw rate achieved by the inverse reference state trajectory, the desired value is zero: - - - - - , exact-tracking case without

modification of the internal dynamics and ——-—, with modification,
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Fig. 6 Feedforward inputs: -« - -+ , without modification of internal dynamics and —-—, with modification.

shift these poles away from the imaginary axis to 2 &+ 4.3055¢. This
is described next.

B. Modified Inverse System
Following the approach described in Sec. 11.C, we modify the
internal dynamics by adding a term v(r) to the control law (29) to

obtain
up(t) = By € (1) — AlC() — A +v(O] ()

Substituting this control law into Egs. (30) and (31), the modified
inverse system is obtained as

é((t) _ 0 0 e(([)] N [ I ]
[h(t)} - [(AF'_BIBFIAI) An]["“) BB/ v
0 0 ][Cd(‘)]
TL(as - BBr'A)) BB LG

= s[e‘(’)] + G (1) + G, Y1)

(33)
n()

where e; () := {{t) — (,(t). The poles of the inverse system can
be moved to any desired location by using the control v(z) because
(8, G,) is controllable. However, such modifications, aimed at re-
ducing preactuation time, will also lead to a loss of precision in
output tracking. This tradeoff between the reduction of preactua-
tion time and the loss of precision in tracking is illustrated through
simulation.

C. Simulation Results and Discussion

Two sets of simulations were performed. First, stable inversion
was applied to the original system, which leads to exact output
tracking inverse input-state trajectories. Second, simulations were
performed when the unstable poles of the inverse system are moved
from 0.0425 £ 4.3055i to 2 + 4.3055: for reducing the amount of
preactuation time required. Further, the inverse system also has four
poles at the origin, corresponding to four pure integrators for [e; ()]
dynamics, which were moved to —1, —2, —3, and —4 for stability
of the numerical integration scheme.

Figures 2 and 3 show the desired output trajectories for the lateral
and vertical motions (corresponding to unit displacements in the
two directions), while the forward velocity and yaw rate were to be
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maintained at zero; the maneuver starts attime ¢ = 0. Figures 4and5
show the output trajectories achieved by the inverse state trajectory
X,r(-), which is to be used as a reference trajectory in the feedback
scheme shown in Fig. 1. The corresponding feedforward inputs are
shown in Figs. 6 and 7. Note here that the feedforward inputs are
nonzero before the start of the maneuver, i.e., time? < 0, and hence
preactuation is required.

Figures 4 and 5 show that exact output tracking reference state
trajectories can be found, even when the internal dynamics is un-
stable, through the stable inversion approach. The stable inversion
technique yields bounded solutions to the unstable internal dynam-
ics, i.e., the pitch and roll motions are bounded, as shown in Fig. 8.
However, the feedforward input found through exact inversion re-
quires substantial preactuation time, as shown in Figs. 6 and 7. i.e.,
the preactuation remains nonzero for a significant time before the
start of the maneuver at ¢ = 0. Figure 9 shows that about 30 s of
preactuation is needed to apply the inverse of the original system for
output tracking; in contrast, modification of the internal dynamics
reduces the preactuation needed from 30 to | s (see Fig. 9). As seen
in Figs. 4 and 5, the output trajectories are still tracked well by the
modified inverse. Further, this substantial reduction in preactuation
time is achieved with similar controi efforts and with similar roll
and pitch motions (see Figs. 6-8). Thus, the approach presented
here allows a tradeoff between precision tracking and the amount of
preactuation that is acceptable. Future work will generalize the re-
sults to nonlinear nonminimum phase systems with nonhyperbolic
internal dynamics.

IV. Conclusions

A technigue to achieve output tracking for nonminimum phase
linear systems with nonhyperbolic and near nonhyperbolic inter-
nal dynamics was presented. This approach is an integration of
the stable inversion technique that aims at exact tracking with
the approximation approach that modifies the internal dynamics
to achieve desirable performance. The method was applied to an
example helicopter hover control problem to illustrate the effects
of modifying the internal dynamics. It was shown that substantial
reduction in preactuation time is possible by giving up some of the
precision in tracking, thus making the stable inversion approach
viable for practical application.
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1 Introduction

Precision output tracking controllers are needed to meet increasingly stringent performance requirements
in applications like flexible structures, aircraft guidance, robotics, and manufacturing systems. While ex-
act tracking of minimum phase systems is relatively easy to achieve through approaches like input-output
linearization [1], output tracking of nonminimum phase systems tends to be more challenging due to fun-
damental performance limitations on transient tracking performance [2]. This poor transient performance
has been mitigated by using pre-actuation in the stable-inversion based approaches [3, 4]. However, the
preactuation time (during which most of the preactuation control effort is required) depends on the unstable
poles of the linearized internal dynamics — the preactuation time increases as the unstable poles approach the
imaginary axis. In the limiting case, with the poles on the imaginary axis (nonhyperbolic internal dynamics),
presently available inversion-based techniques fail because the preactuation time needed tends to become
infinite. The present work extends previous results for linear systems in [5] to output tracking of nonlinear
nonminimum phase systems, which have nonhyperbolic internal dynamics.

Output tracking has a long history marked by the development of regulator theory for linear systems
by Francis and Wonham [6] and the generalization to the nonlinear case by Byrnes and Isidori [7]. These
approaches asymptotically track an output from a class of exosystem-generated outputs. Further, extensions
to the Byrnes-Isidori regulator have been described in [8]. The main problem with the application of these
techniques to the output tracking of nonlinear systems is computational. While the linear regulator is
designed by solving a manageable set of linear equations, the nonlinear regulator design requires the nontrivial
solution of a first order partial differential algebraic equation [9, 10]. In contrast, inversion-based approaches
avoid this computational difficulty and trade it to solve the exact tracking problem for a single desired
output trajectory rather than solve the asymptotic tracking for a class of outputs. Another problem with
the regulator approach is that the exosystem states are often switched to describe the desired output — this
leads to transient tracking-errors after the switching instants. Such switching caused transient errors can
be avoided by using inversion-based approaches to output tracking [3, 11]. Thus, it is advantageous to use
inversion-based output tracking when precision tracking of a particular output trajectory is required.

Inversion, which is key to our approach, was restricted to causal inverses of minimum phase systems in
the early works by Silverman and by Hirschorn (e.g., [12, 13]) because these approaches lead to unbounded
inverses in the nonminimum phase case. Di Benedetto and Lucibello [14] considered the inversion of time
varying nonminimum phase systems with a choice of the system’s initial conditions. Rather than choose
initial conditions, preactuation was used by noncausal stable inversion techniques developed in [3, 4, 15].
Such noncausal inverses, which require preactuation, have been successfully applied to the output tracking
of flexible structures [16, 17), and aircraft and air traffic control {4, 18]. There is, however, a fundamental
limitation to the presently available inversion techniques - they are only applicable if the internal dynamics s
hyperbolic, and inversion-based output tracking has been a challenge for systems with nonhyperbolic internal
dynamics.

Although Huang [8] has proposed some sufficient conditions for developing a regulator for systems with
non-hyperbolic internal dynamics, the regulator design remains computationally difficult. There are also
several approximation based output tracking techniques, where the central philosophy is to replace the
internal dynamics with a dynamics that provides satisfactory behavior, and then to develop the controller
based on the altered system [19, 20, 21]. The techniques most relevant to this paper are developed by
Gurumoorthy and Sanders [19], and by Gopalswamy and Hedrick [21] - output redefinition (or modification)
is used in these to approximate the unstable internal dynamics with a stable system. Such approximation
based approaches are integrated, in this paper, with stable-inversion based techniques to achieve inversion
of linear systems with nonhyperbolic internal dynamics in [5]. However, the present technique does not use
output modification to stabilize the internal dynamics, rather output modification is only used to remove
the non-hyperbolicity. Additionally, for near nonhyperbolic systems, the present approach allows a tradeoff
between the precision-tracking and the amount of pre-actuation-time that is needed in the control effort.
This tradeoff between stable-inversion and approximation of the unacceptable internal-dynamics has been
studied for helicopter-hover control in [5]. The present work extends the results for linear-system in [5] to
nonlinear systems.

We begin with a background on the stable-inversion based output tracking technique, and computational
issues are presented in Section 3. The technique is applied to an example in Section 4, and conclusions are



in Section 5.

2 The Stable Inversion problem

2.1 Inversion-Based Output Tracking Scheme

Here we describe how the inversion approach is used to develop output tracking controllers. Consider a
system described by
z(t) flz®)] +g(=z(t)] u(t)

y(t) = hlz(t)]

where y(t) = [11(t),32(t), ..., 4 (1)]T is the output, with the same number of inputs and outputs, i.e.,
u(t),y(t) € RP, and z(t) € R" is the state. The functions f(-),g(-) and h(-) are assumed to be sufficiently
smooth with f(0) = 0 (i.e., z = 0 is an equilibrium point) and h(0) = 0.

Let yq(-) be the desired output trajectory to be tracked. In the inversion-based approach we, first, find
a nominal input-state trajectory, [uy;(-), zr.s(-)] that satisfies the system equations 1 and yields the desired
output exactly, i.e.,

(1)

Zres(t) f[zre](t)] +g[z,-e (i)] uy (t) _
y);(t) h(2es(2)] ! ! } vt € (—c0, ) ()

and, second, we stabilize the exact-output yielding state trajectory, z,.s(-), by using state feedback (see
Figure 1). Thus z(t) — z,¢s(t) and y(t) — ya(t) as ¢ — oo and output tracking is achieved. It is noted that
in this output tracking scheme, the reference state trajectory z,s(-) and the feedforward input ugs(-) are
computed off-line.

Feedforward, upy - u System Y
X
+
Desired Output Inversion State Trajectory
Trajectory, y (off-line) Tracker
Reference State, xr - Actual State, x

Figure 1. The Control Scheme

While stabilization of the reference state trajectory can be achieved through standard techniques [22] like
state feedback of the form K[z(t) — z,.y(t)], the main challenge is to find the inverse input-state trajectory
[uss(-), Zres(+)] - especially for systems with nonminimum phase dynamics.

2.2 The Internal Dynamics

In this subsection, it is shown that finding the inverse input-state trajectory is equivalent to finding bounded
solutions to the system’s internal dynamics.

Assumption 1 System (1) has a well defined vector relative degree, r := [r1, r2, ..., 1p).

The well-defined vector relative degree assumption enables the system equations to be rewritten, through a
co-ordinate transformation

w0 = T [ 0 | = recwnm [ ], ®

in the following form [1, 21]



Cl(t) A(lCl(t) + AC:C2(t)
(a(2) s1[C(8),n(t)] + s2(¢(1), n(®)]u(?) (4)
() = s3l{(t),n(t)] + salC(t), n(t)u(t)

where ( represents the output along with its time derivatives,

[ G() J
¢ := —-——— = ad,r?ﬂlz (5)
(2(t)

A¢, is a block-diagonal matrix
A(x = diag[A;, Az, Aa, e 'AP]

with each block consisting of zeros except for ones on the super-diagonal, for example, A is a (ry—1) x (re-1)
matrix of the form

0100 ... 0
0010 ...0
Ae=1ioi i (6)
0 000 ... 1
0 000 ... 0

(for all 1 < k < p). Ag, is a matrix whose elements are zeros except for elements on the (r& — 1)-th row
and k-th column, which are ones (for all 1 < k < p). Further from Assumption (1), 82(-,-) is invertible
in a neighborhood of the origin, and since the origin is assumed to be an equilibrium point, we also have
81(0,0) = 0, 53(0,0) =0.

Note that the desired {(-) is known when the desired output trajectory y4(-) and its time derivatives are
specified. This desired (() is defined as {4(-). If exact output tracking is achieved (i.e.,if {(t) = ¢4(t)) then
the control law for maintaining exact tracking can be written as, from equation (4),

u(t) = [o2lCalt), n()] ™ [Ga.a(t) - s1(Gu(t), )] (7)
which results in state-equations of the form

) = Calt) (8)

sl (0] + s4l¢(D),nO]u)
salC(8), ()] + o4lC(@), (O] a2 Ca(®), (D) [Gna®) — sr[ca(t) m(e)]

()

(9)



This 1s the inverse system and equation (9) is referred to as the internal dynamics. Solving the internal
dynamics is key to finding the inverse input state trajectories. If a bounded solution, n4(-), to the internal
dynamics (9) can be found then the feedforward input can be found through equation (7) as

72 8) = [s2(Ca(t), mal)]™ [Gaatt) = 51 (Calt), matt))] (10)

and the reference trajectory can be found as

ey = Tt mate)] [ 49 | (1)

Thus, finding a bounded solution, 74(), to the internal dynamics (Equation 9) is key to finding the inverse
(bounded) input-state trajectories (Equations 10 and 11) which is needed to implement the the inversion-
based output-tracking scheme shown in Figure 1.

2.3 Modified Internal Dynamics

Standard inversion schemes [12, 13] that integrate (forward in time) the internal dynamics (9) lead to un-
bounded solutions if the origin of the internal dynamics is unstable (nonminimum phase systems). Noncausal
inversion (e.g., [3]) leads to bounded but noncausal solution to the internal dynamics. While significant im-
provement in output tracking performance is possible, such stable-inversion techniques are not applicable to
systems with nonhyperbolic internal dynamics. In this subsection a compromise between stable inversion and
approximation based inversion schemes is proposed. The key is to modify the internal dynamics by giving
up exact output tracking — enough to remove the nonhyperbolicity, and then to apply stable-inversion. The
difference between the proposed technique and other approximate techniques is that the internal dynamics
is perturbed only to remove the nonhyperbolicity, and not to stabilize the internal dynamics as in other
approximation schemes [19, 21].
To modify the inverse system an extra term, v(t), is added to the control law (7) as follows

u(®) = l2l6) O™ [Gnalt) = salc(e), m(0)] + (0] (12)

With this control law the system equation (4) becomes (note that it is not required that exact tracking is
achieved, i.e., {(-) = (4(-) is not required)

G(t) = AqGt) + AgG(l)
Gt) = (aalt) +v() 13)
n(t) = s3[C(t),n(t)] + salC(2), n(t)] [s2[¢(2), n(t)]] [Cz,d(t) —81[C(t),'l(t)]+v(t)]

For ease in notation, we define the tracking error, e¢(t), as

=[50 ]=[602800]

and rewrite Equation (13) as

e (t) = Aqeq(t)+Ageg(t)
€(t) = ()
n(t) = salec(t) +Calt), n(2)] + (14)

salec(t) + Ca(®). ) oalec(t) + Ca) 0N ™ [Ga.a) = salec(t) + Gale), m(t)]) + (0]

= lec(t), n(t), Ya(t), v(t)]



where
Calt)
(2,4(t)
Next, the nonhyperbolicity of the modified internal dynamics (14) is removed by appropriately choosing
v(-). We begin with the following assumption.

Yu(t) :=

Assumption 2 System (1) is controllable in the first approzimation [1].

The above assumption implies that the modified internal dynamics is also controllable in the first approxi-
mation since the difference between the original system (1) and the modified internal dynamics (14) is only
a co-ordinate transformation and a static state-feedback (see [21] for a similar argument used for output
redefinition). Next, a feedback of the form

n(t)

is chosen such that the modified inverse system is hyperbolic - i.e., all poles on the imaginary axis are
moved. Note that this change to an hyperbolic system can be achieved through arbitrarily small F since
nonhyperbolicity is not a structurally stable property. With this control law Equation (14) becomes

é(x (t) = A(l € (t) + A('ze(: (t)
. _ ec(t)
W) = F [ () ] (16)

OIS QURTRPON R )

which is re-written in a simplified form as

v(t) = F [ ec(t) (15)

58] = stectnnto. v, (17

Next, stable inversion of the modified inverse system (17) is carried out [3].

3 Computation of the Inverse

This section discusses the computation of the inverse for the hyperbolic, modified, inverse-system. First, an
iterative algorithm is presented - one of the steps involves finding bounded solutions to a linear (unstable)
system. Second, the explicit technique to find bounded solutions is presented, and the amount of preactuation
required for implementing the inversion-based controller is discussed. We begin with the algorithm to find
bounded solutions to the modified internal dynamics [3].

3.1 Iterative Algorithm to find Inverse

e Step 1
Rewrite the modified inverse (17) as

d [ ec(t) ] { ec(t) ] { [ eclt) }
dt =S t),n(t), Ya(t)) -
dt [ n(t) n(t) | e n®).Ya®) =5 | o
(18)
where the first term on the right hand side (r.h.s.) is the linearization of s(-,-,-) with respect to the

first two variables, e¢(-) and 7(-), and the second term on the r.h.s. represents a perturbation. This
motivates the following iterative solution of the internal dynamics.

e Step 2
At each iteration in the following scheme, the bounded solution of a linearized system is to be found



%[crf((tt)) ]o =0

%[erfg))hﬂ = S[CJ((:))]NH *{‘*(e‘"'”)“”””"”"““”‘S[evr‘((t?]N}
(19)

L5 L = [ 20

where

and N = 1,2,3...

3.2 Bounded Solution to Unstable Linear System

In the above iterations, solving equation (19) implies finding a bounded solution to a linear, hyperbolic (but
potentially unstable) system — this is described next.

We begin by decoupling the linear system (19) into stable (z,) and unstable (z,) subsystems. Since the
modified internal dynamics is hyperbolic, there exits a decoupling transformation U such that equation (19)

can be re-written as )
Z(,,N.‘.))(t) = S,Z(,,N.f.l)(t) + G,YN(t)

Z(u,N+1)(2) Suziun41)(t) + GuYn(2)
where 0 ©
z t [
t) = (5.N+1) ] = U[ (n.N+1) ] .
() [ 2(u,N+1)(t) IN+1(t)
and

Yn(t) = {s (e(n,N)(t)"’N(t)’Yd(t)) _S[ ‘;(((tt)) ]N}

An approach to find bounded solutions is to enforce the boundary conditions that z(s,N+1)(—00) = 0 and
2(u,N+1)(00) = 0. This leads to unique bounded solutions by flowing the stable subsystem forward in time
and flowing the unstable system backward in time - this yields

s, N41)(t) = f_too CS'(t_T)G,YN(T)dT Vt € (=00, 00),
(21)
Zu,N+1)(t) = f; e~ Su =G, Yn(r)dr Vt € (—00,00).
Next, a change of co-ordinates yields the bounded solution to (19) as
[ ec(t) ] = y-t [ 2(s,N41)(t) ] _ (22)
ﬂ(t) N+1 Z(u.N+1)(t) N+41

3.3 Convergence of Iterative Algorithm

The following Theorem states that, as N — 00, the solutions of the above iterative algorithm converge to a
bounded solution of the modified internal dynamics (17).

Theorem Let s(.,-,-) and its linearization S satisfy the following Lipshitz like condition

H{S(el,'h,Yl)—S[ ;I J} - {S(ez,ﬂz,yz)—s[ ;; ]}”oo

€ [ 4
skl 2 ]-[ 2 b + Rl n-van, (23)



Then, provided K, K2 and || Y4(-) ||, are small, the iteration scheme converges to a solution to the modified

internal dynamics (17), i.e,
[ & ] 5 [ e.a) ]
7 in d

as N — oo, and [ €(.d) ] satisfies the modified internal dynamics.
d

Proof
See {3, 4]. o

Thus, stable inversion technique is applied after removing the nonhyperbolicity in the internal dynamics.
This completes the inversion-technique for nonminimum phase systems with nonhyperbolic internal dy-
namics. To summarize, the reference state trajectory is found as (from Equation 11)

zeerlt) = Tt matt) [ 40 ],

where A
Ca(t) = Calt) +e,a)(2)
and the feedforward input, uys(-), is found from equation (12) and equation (15) as

74(t)

This inverse, [t7s(:), Zrey(+)], is used in the control scheme shown in Figure 1 to obtain output tracking.

(0= [saléat), 0] [éaat) - mléatrmio)] + [ 600 1] (24)

3.4 Preactuation Time

Stable-inversion techniques overcome fundamental limitations on transient tracking performance of non-
minimum phase systems [2] by using preactuation. However, the preactuation time (i.e., when most of the
preactuation effort is required) tends to be unacceptably large if the unstable poles of the linearized, modified
internal dynamics are close to the imaginary axis — this dependence is established in the following Lemma.

Lemma
Let

e all the unstable poles of linearized, modified internal dynamics (eigenvalues of S,) lie to the right, in
the complex plane, of the line Real(s) = a for some positive «, and

e the support of Yy4(-) lie in [to, 00) for some to.
Then there exists a positive scalar, M, such that the bounded solution to the internal dynamics (defined by
the Theorem) satisfies

I 6O Ny < MeBC-to

for all time, ¢, before the start of the maneuver at tg.

Proof Since the maneuver starts at to, any solution to the modified internal dynamics (17) satisfies the
autonomous equation,

[48] = stectwrn0.0). (25)

for all t < tg. Further, any bounded solution to the autonomous equation must lie on the unstable manifold
before the start of the maneuver. The rate of convergence to zero as time tends to —oo, of solutions that
lie on the unstable manifold of the nonlinear modified inverse system, directly depends on the location of
poles of the linearized dynamics. In particular, the rate of convergence depends on the unstable poles of



the linearization (which are the eigenvalues of Su). The existence of a positive scalar M that satisfies the
statement of the lemma follows from the saddle-point property (see [23] Theorem 6.1, and [24] Theorem
19.9). ™

The present technique also provides a way to reduce the preactuation time for systems with near non-
hyperbolic internal dynamics. The Lemma states that the desired state-trajectory exponentially ends to zero
as we go back in time before the start of the maneuver at to. Then the continuity of the input with respect
to the state (smoothness of f, ¢ and h, and the well defined relative degree assumption) implies that the
preactuation input also tends to zero exponentially. The rate at which the preactuation becomes zero can
be increased by moving the unstable poles of the linearized, modified internal dynamics (i.e., the eigenvalues
of Sy) away from the imaginary axis ~ by appropriately choosing F in equation (15). This reduction in
preactuation-effort is obtained at the expense of exact output tracking (see [5] for a linear example).

4 Example

Here, the inversion-technique is applied to an example two-cart and pendulum system shown in Figure
2. The inverted pendulum on a cart has been well studied in literature (see, for example, [19]), and has
nonminimum phase dynamics — the internal dynamics is hyperbolic. An extra cart is added here, which
introduces nonhyperbolicity in the internal dynamics. The input to the system is the applied force, F(t),
and the output is the position, z; (t), of the cart carrying the inverted pendulum (see Figure 2). The equation
of motion for the system can be obtained as

F(t) +mif*(t)sinf(t) — K (z1(2) ~ z2(t))

mgl sin6(t) (26)
=K (z2(t) — 21(2))

(M + m)i,(t) + ml cos 8(t) 6(t)
mi cos8(t) #,(t) + mi? 6(t)
Mz,(t)

which can be rewritten in state-space form as

Gi(t) C2(2)

GO = sy [Fe/m + () sinn) - K/m(c(t) = ns(0) ~ g cosmi(t) sinm, (¢)]

mt) = mnt)

() = (K/M)(G(t) - m() (27)
73(t) = na(t)

Ma(t) = sy [na(t)? sin na(t) cos ms(2)

+a7 {(M +m)gsinns(t) — F(t)cosns(t) + K (¢ (t) - m(t)) cosa(t)}]
where {} :=z;, (=7, Mm:i=Z3, 1N2:=Z3 n3:=0,andn,:= é,

¥(ma(t)) = M/m+ [sinns(t)]?

X i

Figure 2. Example: Two Carts and Inverted Pendulum

Given the desired output trajectory profile shown in Figure 3, the input that maintains exact tracking (i.e.,
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which maintains {(t) = {4(t)) is obtained from equation (27) as

F(t) = my(n3)E1,4(t) — mi[na(t))*sinna(t) + K [C1(t) — m(t)] + mglcos n3(t)] sinna(t)

acceleration

1 A

0 I SR S Al S S S
time (s)

Figure 3. Desired Output Profile for z,

With this exact tracking control law, the internal dynamics (represented by 5), is given by

n(t) = m(t)

ﬁZ(t) = (K/M)(zl,d(t)_'h(t)) (28)
M) = na(t)

1a(t) = g/lsinng(t) — (1/1) cosn3(t)Z1,q4(t)

The linearization of the internal dynamics (28) is

m() 0 1 0 0][m) 0 0

d|m)| _ | -k/m 0 0 o] nt) K/M 0 z1.4(t)

almo = |70 0 0 Al ] | 0 |[R] e
14(t) 0 0 g/l O na(t) 0 -1/l

Note that the linearization has two poles at +/—K/M on the imaginary axis (in the complex plane) which
corresponds to the cart dynamics (z3,£2) with z; fixed; this corresponds to a spring-mass system. The
other two poles are at i\/_m which correspond to the linearization of the inverted pendulum dynamics
(6,8). The two poles on the imaginary axis lead to nonhyperbolic behavior and stable-inversion techniques
fail - this corresponds to the case which requires infinite pre-actuation. In contrast, by modifying the desired
trajectory, the internal dynamics can be approximated by a hyperbolic system. This modification is achieved
by adding an extra term v(-) to the control as follows

ugp(t) = F(t) = my(ns)[E1,a(t) + v(t)] — ml [na(2)]” sin na(t)

+K [C1(t) = m(t)] + maglcos 7s(t)]sin na(z) (30)



The modified inverse system becomes

é(x (t) = e(z(t)

e, (t) = ()

n(t) = n(t) (31)
() = —K/Mm +K/M[z14(t) + e, (1)]

73(t) = na(t) .

na(t) = g/lsinna(t) — 1/lcos na(t) [£1,4(t) + v(t)]

where

wt= [ 600 = [ 400t ]

The additional input, v, is chosen (v = Flel 9T]T) to remove the nonhyperbolicity. This can be achieved,
for example, by pole-placement algorithms. Simulation results are presented next. The system parameters
were chosen as K =10, M = 1,1 = 9.8, 9 = 9.8 and the F used in simulations is

F=[-452 -2 —304e—1 5e~4 15¢—3 0 0].

This F removes the nonhyperbolicity of the internal dynamics and stable inversion of the modified inverse
system is carried out using the algorithm in Section 3. Simulation results are presented below: Figure 4
shows the desired output trajectory, and the redefined output trajectory. The internal dynamics (z2,0)
is shown in Figure 5. Note that the nonhyperbolicity is circumvented and stable inversion is achieved with
relatively minor modification of the output (see Figure 4).

o 1 2 3 4 6 L[] 7 2 ° 10
e (s)

Figure 4. Error in Output Tracking: Solid line is desired output and dotted line is the redefined output.

4 8 L]
Figure B: time (s)

Figure 5. Internal Dynamics
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5 Conclusion

A technique to achieve output tracking for nonminimum phase nonlinear systems with nonhyperbolic internal
" dynamics was presented. The approach integrated stable inversion techniques (that achieve exact tracking)
with approximation approaches (that modify the internal dynamics) to remove the nonhyperbolicity of the
internal dynamics. It was shown that, by giving up some of the precision in tracking, it is possible to achieve
stable inversion of nonlinear nonminimum phase systems with nonhyperbolic internal dynamics.
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Abstract

When a fixed regulator is used to stabilize a desired state tra-
Jectory (guidance law), large initial tracking errors can lead to input
saturation, which can result in performance deterioration. A method
‘to modify the guidance law for recovering state-trajectory tracking
(without violating input and state constraints) is presented. Although
it may be feasible to find such a satisfactory recovery guidance maneu-
ver for a given initial tracking error, online development of recovery
guidance maneuvers may not be computationally tractable. A tech-
nique is developed to use precomputed recovery guidance maneuvers
(for a finite set of initial tracking errors) to generate recovery guidance
maneuvers for other initial errors. The technique is applied to an il-
lustrative example with input-magnitude-limits and input-rate-limits,
and simulation results are presented.

1 Introduction

Inversion of system dynamics can be used for precision output tracking con-
trol, for example, in aircraft control [1, 2], and in air traffic control (ATC) [3].
For example, in automated flight management systems, tracking of an ac-
cepted clearance (flight plan cleared by the ATC) can be achieved by the
following. First, the clearance is converted to an executable reference flight
path (desired output trajectory [4]). Second, this flight path is converted
into a guidance law (exact output-tracking input-state trajectory) found, for
example, by using an inversion based approach [5, 6). Third, flight path
tracking is achieved by stabilizing the guidance trajectory by using a tra-
jectory regulator (see Figure 1). However, relatively large tracking-errors
(or a large external disturbance, that can be modeled as a tracking error)
can lead to saturation of the inputs and can lead to the violation of state-
constraints. This work addresses the issue of modifying the guidance law to
recover output-tracking without violating input and state constraints. The
recovery guidance problem is addressed in the framework of general linear
systems and an example is provided to illustrate the technique.

The Guidance Scheme: The guidance scheme, studied in this paper, is
shown in Figure 1, where the state-trajectory regulator, K, is assumed to be



given. The guidance problem, for a Prescribed output trajectory, ya(-), is to
find a reference state trajectory, Zref (+), and a feedforward input trajectory,
ug (-), that achieve exact-output-tracking which can be accomplished by the
inversion of the system dynamics (see, for example, [1, 3, 5, 7]). Note that
these input-state trajectories may be precomputed for a given set of desired
output trajectories.

-.
Y; | Guidance s y
(input/state
generator)

Figure 1. Control Scheme

Violation of Actuator and State Constraints: A significant problem
with the approach is that relatively large initial tracking-errors can lead to
actuator saturation resulting in performance degradation. Additionally, con-
straints on the state may also be violated. One approach, to solve such
saturation problems, is to re-design the regulator ( K in F igure 1) for dif-
ferent magnitudes of the initial errors (see, for example, [8]), or to design
appropriate software limits (see, for example, [9] and the references therein).
Another approach is to develop a nonlinear feedback that avoids satura-
tion [10]. The present work develops an alternate approach, that doesn’t
modify the regulator; per se, but effectively bypasses it through recovery
guidance maneuvers that modify the primary guidance law. Such an ap-
proach, that doesn’t modify the regulator, is important to systems where
the regulator is not easily accessible to modifications. For example, in the
design of flight management systems, modifications of regulator can require
extensive testing and re-certification, while the proposed open-loop recovery
guidance can be (relatively) easily incorporated into the software. Simj-
lar use of less-aggressive reference inputs to avoid saturation can be found
using receding horizon strategies [11] (also see references therein). These
techniques modify the command signal to avoid actuator constraints. Our
approach uses a similar idea to avoid saturation caused by large deviations
from a desired trajectory ~ the desired trajectory is recovered, however, the
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recovery maneuvers are chosen to be less aggressive. A key result is the de-
velopment of a methodology that doesn’t require online computation of the
recovery guidance maneuvers - rather, in the spirit of the work by Mayne
and Schroeder [10], the recovery guidance maneuver is generated as the linear
combination of precomputed maneuvers.

We begin with a description of the guidance scheme in Section 2, followed
by the development of recovery guidance maneuvers from precomputed ma-
neuvers in Section 3. An optimal approach to develop recovery guidance
maneuvers, for a given initial tracking error, is presented in Section 4, fol-
lowed by an illustrative example and simulation results in Section 5. Qur
conclusions are in Section 6.

2 Primary Guidance Scheme

Let the system be described by

z(t) = Az(t) +Bu(t
W = coy ) )

where z(t) € R" is the state, u(t) € R is the input and y(t) € R is the
output. Additionally, let a state feedback K be given such that the closed
loop system is stable, i.e., A+ BK is Hurwitz. In all the following discussions,
the feedback, K, is kept constant.

Given a desired output trajectory yy(-), the primary guidance scheme
(see Figure 1) finds a nominal input-state trajectory, [ug (*)s Zpef (+)], that
satisfies the system equations (1) and yields the desired output exactly, i.e.,

T DA Y wetoe @

Next, the exact-output yielding state trajectory, Zpof (), is stabilized by
using state feedback (see Figure 1). The control law is

u(t) = ug () + K [2(t) — zpef (1)] - 3)

With this control law, the dynamics of the tracking error,
e(t) i= (1) — 2t (1),

4



is obtained from equations (1) and (2) as
é(t) = (A+ BK)e(t). | (4)

Since A + BK is Hurwitz, z(t) = Tpef (t) and y(t) — yi(t) as t o oo
and therefore, output tracking is achieved. It is noted that in this output
tracking scheme, the reference state trajectory z ¢ (-) and the feedforward
input ug (-) can be computed off-line. It is also typical for the desired output
trajectory to be a composition of several pre-determined sub-trajectories and
the primary guidance scheme may concatenate several precomputed guidance
laws. These primary guidance laws could be found using inversion of the
plant dynamics (for systems with same number of inputs as outputs see,
e.g., [3, 5, 7, 12], and for actuator-redundant systems see [13]).

Problem with the Guidance Scheme: A critical problem with the
above guidance scheme is that large errors between the reference state-
trajectory and the actual system state, at the beginning of a maneuver, can
lead to actuator saturation and to substantially deteriorated performance.
Note that the input-saturation problem is accentuated if a relatively high
gain regulator, K, is used - which may be necessary to achieve high perfor-
mance for relatively small tracking errors. The goal of the recovery-guidance
maneuver is to modify the primary guidance law (reference-state trajectory)
such that the system states can be brought close to the reference state trajec-
tory (i.e., output-tracking is recovered) without saturating the actuators and
without violating state constraints. Recovery guidance from large external
perturbations can also be studied under this framework provided the per-
turbation is modeled as an injtial tracking-error, that triggers the recovery
guidance generator.

3 Trajectory Recovery Guidance Scheme

The recovery guidance scheme aims to maneuver the system without violat-
ing input and state constraints. The approach is to modify the reference state
trajectory to avoid saturation of the actuators (see Figure 2). This modi-
fication, z.,0q (*), is essentially open-loop, however, it is assumed that the
recovery guidance trajectory generator has access to the initial tracking-error
(when the recovery guidance is initiated).
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| ug to U
Primary ;T%
Y; | Guidance Sywem y
(. K
generator) | Xee ) . X
- | Xmod
Recovery
Guidance

Figure 2. The Recovery Guidance Scheme

With the modified state-trajectory the control law given by equation (3)
becomes (see Figure 2)

u(t) = ug (1) +up, (0
= ug (t) +K(2(t) - zpef (1)) + Kzpoq (1) ()
= ug(t) +Ke(t) + Kz 4 (1)
where
up ()(1) = Ke(t) + Kzpoq (t) (6)
and the error equation (4) becomes
€(t) = (A+BK)e(t) + BKzy o4 (). (7

3.1 Use of Convexity to Generate Recovery-Maneuvers

The key idea is to pre-compute the trajectory modification for a set of initial
conditions (from a set X), and then use these pre-computed modifications
for other initial-conditions. This is summarized in the following proposition
that uses the convexity argument due to Mayne and Schroeder [10]. The
proposition states that if satisfactory recovery guidance is known for a set
of initial conditions, X, then satisfactory recovery guidance maneuvers can
be obtained for any initial conditions in the convex hull of X , provided the
following assumption holds.

Assumption 1 The region of acceptable states in R* and the region of ac-
ceptable inputs in R are both convez regions that contain the origin.
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Given a positive integer plet

P
Ap = {,\ewl,\mzo Vme (1,2...p), and Y A, = } 8)

m=]

where the subscript indicates the component of a vector.

Proposition 1 For each initial condition, z™(0) € X, let Thod (*) be a
trajectory-modification, that enables guidance-recovery while satisfying the
state and input constraints. Let 2(0) be an initial condition in the conver
hull of X and Az(0) € A, for some p, such that

14
2(0) = 3 Ao)m) z™(0)

m=]

where the superscript denotes elements of a sequence. Then, the trajectory
modification, ‘ _

p
Tmod (t) = Zl Alz(0),m] Tmod (1)

ts a valid recovery guidance law, i.e., input constraints and state constraints
are satisfied.

Proof The error dynamics (equation (7)) is linear in the initial condition,
e(0) and in the input Tmod (*)- Since e(0) and Tmod () are linear combina-
tions of e™(0) and z™ od (*) with the same weights for each m € (L,2,...p),

m
the linearity of the error dynamics yields

P
e(t) = E Alz(0)m) €™(2) .
m=]

Here, €™(:) is the solution to the error dynamics corresponding to the tra-
Jectory modification Thod () and initial condition e™(0).
Let z™(-) is the solution to the modified state equation with initial con-
dition z™(0) and the guidance modification Thod (1)- Then, the definition
of the error yields z™(.) = Zref (+) + e(-). This and Y=t Az)m) = 1,



imply that
2(t) = et (1) +elt)
= an:l ’\[z(O).m] Tref (t) +E;=1 ’\[:(0).m] em(t) (9)

= Yhm=1A0)m =™(t)

Thus, the convex hull of £™(t) forms a tube (as time varies) — Assumption 1
implies that the tube is in the acceptable region of the state space and hence
z(-), which lies in this tube, is also acceptable.

Similarly, linearity of the modified input in e(-) and zy0q (-) (see equa-
tion (5)) yields

u(t) = ug(t) + Ke(t) + Kzppq (2)
= Tn=1 Ae@m v (8) + Zhat Me)m] €™(2) + K Ty Miz(oym) 27 0q (2)

= Efr;:l "[z(O),m] um(t)
(10)

where ug (-) is the modified input for the initial condition z™(0). Thus the
convex hull of u (¢) also forms a tube (as time varies) ~ Assumption 1 implies
that the tube is in the acceptable region of the input space and hence ug (+)

which lies in this tube is also acceptable.
o

Remark 1 The above proposition is also valid for time-varying systems.

3.2 Decoupling Guidance Recovery from Primary Guid-
ance

In the above approach, the guidance modification, 2504 (-), might depend
on the particular maneuver being considered - thus, for each maneuver, the
Tmod (*) to be stored is different even if the initial tracking-error e™(0) re-
mains the same. We propose a method to trade-off the storage require-
ments with performance - to remove the dependence of guidance modifica-
tion, Zpo4 (+), from the primary guidance maneuver, [ug (-), Zref ()



Note that bounds on the input-components can be decoupled into bounds
on the feedforward and feedback by using the triangle inequality

[l < Jugra) + K (t) + zmoa (1)) W
11
= Jugra®)] +una®)] Vi€ (1,2,...q).

The primary guidance can be designed to ensure that the feedforward in-
put components, |u(;;)(¢), are within bounds and the recovery guidance
design can be aimed at limiting the feedback components, |u(s,q)(t)]. This
distribution of control authority allows the bounds on feedback-input to be
independent of the feedforward input, which could depend on the particular
maneuver.

Similarly, bounds on the state-components can also be decoupled into
bounds on the components of the error, |e;(t)|, and bounds on maneuver-
dependent reference state trajectory components, [Z(res.i)(2)]

lz:i(t)] < I(ref,i)(t)‘ +,($i(t)—$(rej,e)(t)),

(12)

Zeera)(t)| +let)] Vi€ (1,2,...n).

Again, the primary guidance can be designed to ensure that |Z(res,i)(t)] is
within bounds and the recovery guidance design can be aimed at limiting
le;(t)]. This decoupling is formalized by the following proposition.

Assumption 2 The region of acceptable errors in R", and the region of
acceptable feedback inputs in R9 are conver regions that contain the origin.

Proposition 2 For any initial error, e™(0) € E, let Thod () be a trajectory-

modification, that enables guidance-recovery and satisfies the error and feedback-
input constraints. Then, given an initial condition, €(0), in the convez hull
of E and A0 € A, for some P, such that

p
e(0) = Z /\[c(o)'m] em(O) ,

m=1

the trajectory modification
P
Tmod () = Z Me(0).m] Tmod () 5
m=1

9



is a valid recovery guidance law i.e., the input and state constraints are sat-

isfied.

Proof This follows from arguments similar to those for the proof of Propo-
sition 1 and inequalities (11) and (12). 0

Note that the proposition allows the design of the trajectory modifications
that are only dependent on the initial error. Thus, z,;,,4 need not depend
on the particular primary guidance law ~ note that this decoupling trades off
performance for reduced-storage.

4 Recovery Guidance Generation

Recovery for a single initial condition:  Given a specific initial con-
dition, any algorithm may be used to find a particular recovery guidance
maneuver. To illustrate the method, in the following, an optlma.l control
formulation is used to design the recovery maneuvers.

The tradeoff between the need to bound the error and the need to bound
the feedback input can be posed as an optimization problem - as the mini-
mization of (over all inputs, 2,04 (-), to the error-dynamics (7))

J I {eT®) Qeelt) +uk (t) Rug, (¢) +2T 1 (t) Qmod Zmod (t)}dt

= 15 {2004 © (KTRK + Qmoa) zmoq (t) +267(1) (KTRK) 2504 (©)
+e7(t) (KTRK +Q.)e(®)} dt

= 50 {28 0d W Rzpoq (1) +2e7(8) Sz0q (8) +€7(1) O e(t)} dt .
(13)

where Q. is the weighting factor on the error, and R is the weighting factor
on the feedback input. This is the standard optimal control problem for the
modified error dynamics equation (7), with x4 () as the input

&(t) = (A+ BK) e(t) + BKz .4 (t)

The optimal trajectory modification law is then obtained as (see, for example,

10



[14] for the development of the standard optimal control law and conditions
on the weighting matrices)

Zmod (1) = Ke(?) (14)

where

K=-R"(BK)P + 5)

and P is the solution to the algebraic Riccati equation
P(A+BK) +(A+BK)"P —(P(BK)+35) R (BK)TP +8T) +Q =0

Substituting the modification law into the error dynamics equation (7) and
solving the resulting equation yields an open-loop trajectory modification
that depends only on the initial error

Tmod (t) = exp[(A + BK + BKK)(t)]e(0)
= exp[(A+ BK.)(t)]e(0)

For each initial error, e(0), the weightings (Q., R, Qmoq) used in the above
optimization cost-criterion can be different, however, only the resulting K,
in equation (15) needs to be stored for each of the initial conditions.

Note, again, that other algorithms may be used to obtain suitable recovery
guidance laws for prespecified initial conditions in E. Alternate approaches
to finding such guidance modification, z,,4 (-), include the following.

(15)

o The weighting factors in the above cost function Q., R, Q.4 can be
time-varying [14].

¢ The optimization problem can also be posed in the frequency domain
and the weighting factors can also be made frequency-dependent to
account for band-width limitation of the individual actuators [15].

¢ Another approach is to achieve zero tracking-error in finite time [14].

Next, we discuss using these precomputed recovery guidance laws to generate
recovery guidance for other initial conditions.

11



Recovery Guidance for initial error in Convex Hull of E: In
general, given an initial error and a set initial-errors, E, for which the recovery
guidance maneuvers are known, an initial error in the convex hull of E may
be written as the convex combination of elements of E

e(0) =D A e™(0) (16)

where e™(0) € E. This representation may not be unique, however, each rep-
resentation leads to an acceptable recovery guidance maneuver (by Proposi-
tion 2).

Remark 2 The particular choice of the convez combination €™(0) can be
optimized by using additional criterion - for ezample, to mazimize the con-
vergence rate of the error dynamics. Note that the resulting error dynamics,
e(-), will converge atleast as fast as the slowest e™(-) that have nonzero coef-
ficients in equation (16) - which gives a lower bound to the convergence-rate.
Therefore the coefficients, Am, of the convez combination in equation (16)
may be chosen such that lower-bound of the convergence-rate is mazimized.

We present one technique to find a recovery guidance law by appropriately
defining the set of initial errors, E, for which the recovery guidance maneuver
is precomputed. Let the set of acceptable errors, Vg, g), be defined by upper
and lower bounds on the components of the error vector, i.e.,, let a € R" and
B € R" be given such that

a < B, Vie (1,2,...n) (17)
and any acceptable initial-error, e(0) € Wa. 8), satisfies
a < e < B , Vie (1,2,...n) . (18)

We define the corner points of the set of acceptable errors, V(a.8), as the set of
initial errors, E, for which the recovery guidance maneuvers are precomputed,
where

E = {e|lei=qa; or ¢,=0;, Vi€ (1,2,...n) }.

Let {e™}7=2" be an enumeration of E. Then any initial error e(0) € E can

be written as

e0) =3 An ™ (19)

m=1

12



where

/\m = H’y;(e.', e:") (20)
=1
with
vilei, €F) = FCE if & = o
(21)
= ";";.:_::._' if e’ = ﬂi

The weighting, A, in equation (19) is used to generate the recovery guidance
maneuver as discussed in the Proposition 2.

Remark 3 The performance of the recovery guidance maneuvers can be im-
proved by decomposing the set of initial errors into smaller sets, Vias, ps) , J €
(1,2,...J), and developing recovery guidance maneuvers for each of the
smaller sets. This can lead to increased performance, however, it also re-
quires an tncrease in storage (to store precomputed recovery maneuvers for
the corner points of each of the smaller sets). '

5 Example

System: Consider the motion of a point mass (for example, the linearized
single-axis dynamics of an aircraft, see Meyer and Smith [6])

2(t) = 2,(t)
32(t) = u(t) (22)

y(t) = z,(2)

where y,9,7 (i.e., 1,2, I2) represent the generalized position, velocity and
acceleration, respectively. Additionally (as is typical in aircraft control) we
consider the case when the generalized force i(t) is not directly accessible.
We assume that the servo-actuator, that generates the input, 1, is represented
by a second order system of the form [6]

u(s) kuw?
u*(s) = s +2ws +w?

(23)
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and consider the case when the magnitude of the servo-input, u*, is limited
by saturation. Further, we consider rate-boundedness of the servo-input by
adding an integrator in the actuator-model, as follows (see Figure 3)

w(e) _ 1
u(s) s’

(24)

and by adding a constraint on the servo-input-rate, u. If saturation is
avoided, then the state space model of the entire system can be described as

21(t) = z5(t)

2a(t) = z5(t)

Z3(1) = z4(2) (25)
E4(t) = —wlz3(t) — 20wzy(t) + kw?zg(t)

z5(t) = wu(t)

where the constants are chosenas k = 1, w = 1 and ¢ = 0.7 in the simulations.
Further, a feedback law, K, is also assumed to be given such that the closed
loop system is stable. For all simulations, K is fixed as

K=[-10 —20.5 —-17.3 — 3.75)

3 A
u Aot ke Ja |y
_’f_’ ; "’_/] s+ 200 s+ @ il B

Servo-nate Servo-input Servo-Actuator Plant
limiter limiter

Figure 3. Example System

Constraints:  The servo-input is to be limited as (see Figure 3)
u'(t) = =(t) € [-1,1],

which also limits the input to the system, u(t). This input, 4(t), represents
the generalized acceleration, §i(t) = z3(t). Further, the servo-input-rate,
u(t), is limited to

u(t) € [-1,1] .
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In the following, the control authority is split 50-50 between the primary
guidance and the recovery guidance as follows: the primary guidance gener-
ator is to ensure that the servo-input and the servo-input-rate are less than
half the maximum limits, ie.,

ug (1) < 0.5
lzlsrgfgt;l, < (26)

and the recovery guidance generator should ensure that the servo-input and
the servo-input-rate do not saturate — by limiting them also to half the ac-
ceptable bounds, i.e.,

juy ()] < 05 e
'es(t)l = |$5(t) et $5ref(t)' S 0.5 .

Design of the Primary Guidance Generator:  Let a desired output

profile, yu(-), and its time derivatives (upto the fifth time derivative) be

given. Then, the exact-output tracking input-state trajectory can be found

from equation (25) as (note that the existence of the time derivatives is a

necessary condition for exact-tracking )]

: -
Tiref [ y‘(ix() )t)

Topef Ya (

Zoref (1) = | wi(t) (28)
Zaref yg )(t) ) 6 ,

Tsref | ﬁ‘ [yg )(t) + 2Cy, )(t) + wzyz(l )(t)] .‘

where the bracketed superscript stands for time-derivative. The exact-tracking
input-trajectory is obtained by differentiating, with respect to time, s o¢ in
equation (28), to get

ur () = s ) = S [P0+ + AP o)

Note that the restrictions on the primary guidance, equation (26), may im-
ply that some of the desired trajectory profiles may not be feasible — thus
requiring the redesign of the desired output trajectory profiles (see [16] for an
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optimal approach to output-trajectory redesign for invertible systems). Fig-
ure 4 shows a primary guidance trajectory for changing the the generalized
position, y, from 0 to 10. Figure 5 shows the system response, when the input
is allowed to saturate — note the rapid degradation of tracking-performance.
The initial error was a 10% error in the position (compared to the maximum
change in position of 10) and all other state-components has zero error. .
Next we discuss the generation of the recovery guidance maneuvers for such
large errors that lead to performance deterioration. Note that if the initial
errors were relatively much smaller, then recovery guidance is not needed.

Development of Recovery Guidance: To reduce the number of simu-
lations, in the following discussion, it is assumed that the initial conditions
of the actuator states, z3,z4, s, are zero, i.e. initial errors have the form

[ex e2 0 0 0)

If the initial tracking errors in the actuator states are non-zero, then the only
change is that the number of initial errors (corner points of the error-set) for
which the recovery guidance needs to be precomputed increases from 2?2 to
2° (and 28 more simulations needs to be presented).

In the simulations, the non-zero initial tracking errors of the generalized
position and velocity are also assumed to be in the following range (see
Figure 6) |e;] < 5 and |ey] < 0.5. This corresponds to a 50% error in the
initial-position when compared to the maximum change in position in the
primary guidance law (see Figure 4), and approximately 50% error in the
initial-velocity when compared to the maximum velocities in the primary
guidance law (see Figure 4).

For this particular example, we compute recovery guidance laws for four
extreme initial errors ( €', €?, €°, e which are corner points of the set of
acceptable initial errors in Figure 6), and the results of the recovery guidance
maneuvers are shown in Figures 7-10. Even with substantially large initial
tracking errors the resulting recovery guidance maneuvers lead to recovery
of trajectory-tracking without violating input or state constraints (compare
Figures 7-10 with the case without recovery-guidance in Figure 5). How-
ever the design of such recovery guidance requires the manipulation of the
weighting matrices in the cost-criterion and requires repeated simulations to
check performance. This design is not computationally-feasible, on-line, for
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an arbitrary initial condition. The idea is to generate recovery guidance laws
that satisfies the system and input constraints for a few initjal conditions and
then use these to generate, on-line, recovery guidance laws for other initial
conditions.

For the present problem, the other acceptable initial conditions are in
the square, defined by the four extreme (corner) points in Figure 6. An
acceptable initial error, ¢(0) can then be written as a convex combination of
the corner points (e!, €?, €3, €*) as

4
e(0) = > Ane™
m=1

with A, := 9 4 where

N = (1/10)(e(0) +5) if m € {1, 2}
(1/10)(5 —ei(0)) if m € {3, 4}
Y2 = (e(0) +0.5) if m €{1, 4}

= (0.5 — ey(0)) if m €{2,3}.

(30)

The recovery guidance law can also be written as as a convex combination of
the precomputed recovery guidance laws (for the corner points) as in Proposi-
tion 2. Simulation results are presented in Figure 11, which shows the results
of the recovery guidance maneuver — output-tracking is achieved without vi-
olating the constraints. Note that this is the same initjal error that lead to
input saturation and lead to loss of tracking when recovery-guidance was not
used (compare Figures 5 and 11). In contrast, the recovery guidance maneu-
ver is guaranteed to satisfy state and input constraints. A second initial-error
is also chosen that represents a larger 25% initial-error in position. As seen
in Figure 12, output-tracking is still recovered by the guidance generator
without saturating the servo-input or the servo-input-rate.

6 Conclusions

A method to modify guidance laws to recover trajectory-tracking without
violating input and state constraints was presented. The technique uses re-
covery guidance laws that are precomputed for a few initial conditions to
generate satisfactory recovery guidance maneuvers for other initial condi-
tions. The technique was applied to an illustrative example and simulation
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results showed that guidance modifications can successfully achieve recovery
of trajectory tracking even with relatively large initial tracking errors, which
could otherwise lead to actuator saturation and eventual loss of tracking.

References

[1] P. Martin, S. Devasia, and B. Paden. A different look at output tracking:
Control of a vtol aircraft. Automatica, 32(1):101-107, 1996.

[2] C. Tomlin, J. Lygeros, and S. Sastri. Qutput tracking for a nonminimum
phase dynamic ctol aircraft model. Controls and Decision Conference,
pages 1867-1872, 1995.

[3] G. Meyer, L. R. Hunt, and R. Su. Nonlinear system guidance in the
presense of transmission zero dynamics. NASA Technical Memorandun
No. 4661, January, 1995.

(4] Rhonda Slattery and Yiyuan Zhao. Trajectory synthesis for air traf-
fic automation. AJAA Journal of Guidance, Control, and Dynamics,
20(2):232-238, March-April 1997.

[5] S. Devasia, D. Chen, and B. Paden. Nonlinear inversion-based out-
put tracking. JEEE Transactions on Automatic Control, 41(7):930-943,
1996.

[6] G. Meyer and G. Allan Smith. Dynamic forms part ii: Applications to
aircraft guidance. NASA Technical Paper, 1997.

[7] A. Isidori. Nonlinear Control Systems: An Introduction. Springler-
Verlag, 1989.

[8] E. C. Gilbert and K. C. Tan. Linear systems with state and control
constraints: the theory and application of maximal output admissible
sets. IEEE Transactions on Automatic Control, 36:1008-1020, 1991.

[9] R. A. Hess and S. A. Snell. Flight control system design with rate sat-

urating actuators. ATAA Journal of Guidance, Control, and Dynamics,
20(1):90-96, Jan-Feb 1997.

18



(10] D. Q. Mayne and W. R. Schroeder. Nonlinear control of constrained
linear systems. International Journal of Control, 60(5):1035-1043, 1994.

[11] R. B. Miller and M. Pachter. Maneuvering flight control with actua-
tor constraints. AJAA Journal of Guidance, Control, and Dynamics,
20(4):729-734, July-August 1997

(12] L. M. Silverman. Inversion of multivariable linear systems. IEEE Trans-
actions on Automatic Control, 14(3):270-276, 1969.

[13] S. Devasia and E. Bayo. Redundant actuators to achieve minimal vibra-
tion trajectory tracking of flexible multibodies: Theory and application.
Journal of Nonlinear Dynamics, 6(4):419-431, 1994.

(14] B.D. O. Anderson and J. B. Moore., Optimal Control - Linear Quadratic
Methods. Prentice Hall, 1990.

[15] N. K. Gupta. Frequency shaped cost functionals: Extension of linear-
quadratic-gaussian design methods. Journal of Guidance and Control,
3(6):529-535, November, 1980.

[16] S. Devasia. Optimal output-trajectory redesign for invertible systems.
AIAA J. of Guidance, Control, and Dynamics, 19(5):1189-1191, 1996.

19



Figure 5. Results with Input-Saturation. Initial Position Error = 1, Initial
Velocity Error = 0. Dotted line represents primary guidance. x-axis
represents time.
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Figure 7. Precomputed Maneuver: Initial Position Error = 5, Initial
Velocity Error = 0.5. Dotted line represents primary guidance. Solid line
represents modified maneuver. x-axis represents time.

Figure 8. Precomputed Maneuver: Initial Position Error = 5, Initial
Velocity Error = —0.5. Dotted line represents primary guidance. Solid line
represents modified maneuver. x-axis represents time.
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Figure 9. Precomputed Maneuver: Initial Position Error = -3, Initial
Velocity Error = 0.5. Dotted line represents primary guidance. Solid line
represents modified maneuver. x-axis represents time.
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Figure 10. Precomputed Maneuver- Initial Position Error = -5, Initial
Velocity Error = —0.5. Dotted line represents primary guidance. Solid line
represents modified maneuver. x-axis represents time.
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Figure 11. Results of Recovery Guidance Using Precomputed Trajectories
Initial Position Error = 1, Initial Velocity Error = 0. Dotted line represents
primary guidance. Solid line represents modified maneuver. x-axis
represents time.

Figure 12. Results of Recovery Guidance Using Precomputed Trajectories
Initial Position Error = —2.5, Initial Velocity Error = —0.25. Dotted line
represents primary guidance. Solid line represents modified maneuver.
X-axis represents time.
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Abstract

In this paper, we extend stable inversion to nonlinear time-varying systems and
study computational issues - - the technique is applicable to minimum-phase as well as
nonminimum-phase systems. The inversion technique is new, even in the linear time-
varying case, and relies on partitioning (the dichotomic split of) the linearized system
dynamics into time-varying, stable and unstable, submanifolds. This dichotomic split
is used to build time-varying filters which are, in turn, the basis of a contraction used to
find a bounded inverse input-state tra Jectory. Finding the inverse input-state tra jectory
allows the development of exact-output tracking controllers. The method is local to the
time-varying trajectory and requires that the internal dynamics vary slowly, however,
the method represents a significant advance relative to presently available tracking
controllers. Present techniques are restricted to time-invariant nonlinear systems and,
in the general case, track only asymptotically.
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1 Introduction

In this paper, the stable inversion problem for nonlinear time-varying systems is solved. The
approach is quite novel in that it applies to nonminimum phase systems - - even the linear
version of our approach is new in the time-varying context. The basic idea is to compute
the inverse dynamics, through a contraction, to find an input-state trajectory that achieves
a desired output trajectory. To develop output tracking controllers, the input trajectory
(found through inversion) can be used as a feedforward input signal in conjunction with .
any conventional feedback control law that stabilizes the inverse state-trajectory [1]. The
present work completes a line of research which was motivated by the inversion of time-
invariant articulated flexible structure dynamics [2], and extends our work on inversion of
general affine-in-control time-invariant nonlinear systems [3].

System inversion is key to recent results in exact-output tracking for autonomous systems
(1, 3, 4, 5] - this paper extends these results to exact-output tracking of time-varying systems.
The output tracking problem has a long history marked by the solution of the linear time-
invariant regulator problem by Francis [6] and the nonlinear time-invariant generalization
made by Isidori and Byrnes [7]. The linear regulator is designed by solving a manageable set
of linear matrix equations, whereas the nonlinear regulator requires the nontrivial solution
of a first order partial differential algebraic equation. These approaches asymptotically track
any member in a given family of output signals. More recently, there have been refinements
of these approaches. Huang and Rugh (8] used a formal Taylor series expansion of the
Isidori-Byrnes PDE and gave a sufficient condition for solvability. Krener [9] extended this
work by providing necessary and sufficient conditions for the term-by-term solvability of the
Taylor series. Robustness issues are studied by Huang and Rugh [10] and Huang and Lin
[11]. Other methods that result in approximate tracking can be found in ([12], [13] and [14]).

The Francis and Isidori-Byrnes regulators apply to time-invariant systems and have the
property that they track any one of a family of signals asymptotically. Our approach trades
the requirement of solving the partial differential algebraic equation encountered in the
Isidori-Byrnes regulator with the requirement of tracking a specific trajectory (rather than
any one of a family). Moreover, no exosystem is required, and the specification of trajec-
tories is simplified. We do, however, introduce boundedness and integrability requirements
on the output trajectory. The key to our approach is finding a bounded inverse, even for
nonminimum phase nonlinear systems, for use in generating feedforward inputs. Since in-
version is key to our method, the works of Hirschorn [15], and Di Benedetto and Lucibello
([16) and [17]) on inversion are most relevant to this paper. The early work of Hirschorn
is restricted to causal inverses of time-invariant systems and agrees with our inverse in this
restricted case. Di Benedetto and Lucibello consider the (nonlinear time-varying) system’s
initial condition as an input and use inversion in this context - the difference is that we, in
effect, use noncausal input to set up the desired initial condition, and provide the framework
for constructing the noncausal input.

Noncausal feedforward can be used if trajectory preview is possible, or truncated to a
causal signal at the cost of introducing transient tracking errors [3]. Such noncausal character
is seen in the linear quadratic setting, but the use of exact inverses in nonlinear tracking
control is new. The noncausal inverses used here have been applied to the control of flexible-
link robots in [18]. A recent work by Meyer, Hunt and Su [4] makes extensions in the context
of air-traffic control.



More concretely, consider a nonlinear system described in the following normal form [19]

v = al((t),n(t),4] + BIC(E), n(2), tu(t),
) = si{(8), (1), 8] + s2[C(2), n(2), t]u(?), (1.1)
where t € R! represents time, r = (ry,r,, ... ,Tp )" is & vector of positive integers, y(t) =

[Y1(2), y2(2), - - -, yp(2)]7 is the output, { represents the output, y, along with the output’s
time derivatives, and
T
'y, o dy d>y
(r) —Z), =2, ... L%,y i
y (t) é [dtr’ (t)’ dtr2 ( )7 ’ dtr" ( )

Further, o(-,+,-) and G(-, -, -) are smooth in their arguments with (0, 0,¢) = 0 and s, (0, 0, t) =
0 for all t. Let Y;(-), describe a desired output trajectory — this includes information of the
time-derivatives of the desired output, i.e., the desired {(-) represented by (4(-), and the
desired y{")(-) represented by y&"(-). For this desired output, the input trajectory that
maintains exact tracking is given by

u(t) A 1BGD- () )" [u7(t) - aldu(t), n(2), 1] - (1.2)

where it is assumed, for invertibility [1]. that the absolute value of det[S] is greater than a
positive scalar, 5. Then, the system's internal dynamics is given by

)= alalt) 24+ salcalt) n(). Q18160),n(0), 17 [1(¢) - afgult), (), 4]
é S[T](t),Yd(t),t]. (13)

Note that, if a bounded solution. ny(-). to the internal dynamics [ equation (1.3)] is found,
then a bounded input trajectory (that maintains exact-tracking) can also be found using
equation (1.2) as

ualt) = DlCalh )47 [y7(8) = alCa(t), na(2), 1] (1.4)

The main difficulty is that the internal dynamics could have an unstable equilibriumat 5 = 0.
Then, typical solutions to the unstable internal dynamics equation (1.3) are unbounded, and
consequently the inputs found through equation (1.2) are also unbounded. A technique to
find bounded solutions to nonlincar unstable internal dynamics has been developed in [1]
with extensions made in [4]. Such stable inverse Input-state trajectories have been used to
develop output-tracking controllers in [3]. In this paper we extend the theory to the case
when the internal dynamics is time-varying, and study computational issues.

2 A Nonlinear I/O Operator

In this Section we develop a nonlinear input /output (1/0) operator denoted N, which is cen-
tral to the inversion of nonlinear nonminimum phase systems. This operator maps bounded
inputs into bounded Caratheodory solutions [20] of equation (1.3),

n(t) = s(n(t), Ya(t),2) ; n(+o0) = 0.
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Note that the input to the operator is Y;(-), which consists of the desired output trajectory
and its time derivatives. The basic idea is to construct a contraction whose fixed point is a
solution to (1.3). The contraction is motivated in the following way. Since it is not known
whether or not 7(t) = s[n(t), Ya(t), t] with n(+o0) = 0 has a solution, we expand s(-, -, -) into
linear and perturbation terms

n(t) = A@)n(t) +[s[n(2), Ya(t), t] - A(t)n(t)], (2.1)

where the term in the large square brackets represents the perturbation term. If we know the
perturbation term, then we can establish conditions for the existence of a bounded solution
to this forced linear system. Our approach is to take a guess at the perturbation term and
iterate — we start with

m(-) =0,
and at each iteration ( n > 1) solve for a bounded solution to the linear (but potentially
unstable) equation

Mnt+1(t) = A(t)nnea(t) + [8[nn(t), Y;(t),t] - A(t)nn(t)] .

We then prove that this iteration converges to, 74(-) A N[Yy(-)], 2 bounded solution of the
differential equation (1.3). We begin with the linear counterpart of A/, denoted A which
finds bounded solutions to the above (unstable) linear equation, i.e.,

ﬂn+1(t) é 'A[s[qn()ayd()’]_A()nﬂ()](t),

2.1 Linear operator A

For a system of the form 5(t) = An(t) + Bu(t) , with A having no jw-axis eigenvalues,
various input-output operators may be defined. The most common operator used in control
theory imposes an initial condition of the form n(to) = 7o on the state trajectory. In this
Subsection, we define an operator A, which imposes an alternative boundary condition,
n(£oo) = 0, on the state trajectory: so that the resulting state trajectories are necessarily

bounded.
Consider a linear time-varying system of the form

n(t) = A(t)n(t) +v(t) (2.2)

where 1(t) € R™ and A(t) € R"*"n. The key idea is to make a state transformation splitting
the system (2.2) into two decoupled subsystems; one of which is exponentially stable and the
other is exponentially unstable. By integrating the stable subsystem forward in time, and
the unstable subsystem backward in time, a bounded solution to the differential equation is
obtained (see [3] for a similar approach in the time-invariant case). Although the decoupling
of time-invariant linear systems is easily done by using a state-transformation constructed
with the eigenvectors of the A matrix, this approach does not lead to the necessary decoupling
in the time-varying case [21].

In the following, we use results by Coppel [21], to establish the dichotomic split that
enables extension of the stable-inversion theory to the time-varying case.



Definition 1 Kinematic Similarity [21]

The homogeneous equation

n(t) = AQ)n(t) (2.3)
with A(-) continuous for all t € R!, is defined to be kinematically similar to
w(t) = B(t)w(t). (2.4)

provided: there exists a transformation S (-) such that for any given solution w(-) to equa-
tion (2.4)

7)) = S(tu(t) (2.5)
is a solution to equation (2.3), S(t) is a continuously-differentiable invertible matrix, and
both S(t) and 5~(¢) are uniformly bounded for ¢ € R! . |

By substituting equation (2.5) into equation (2.3) we see that S(t) necessarily satisfies
S(t) = A()S(t) - S(t)B(1).

The key is to find a Kinematic similarity that achieves the dichotomic split of the linear
system (2.2) into stable and unstable subsystems. This dichotomic split is possible provided
A(t) : (a) is slowly varying in ¢; (b) is uniformly bounded in #; and (c) is hyperbolic.
These conditions are formalized next, and the dichotomic split is established in the following
Theorem.

Condition I A(t) € ®"*™ satisfies condition I, if there exists positive M, a, 3 such that
for every t € R!

L |l A(t)|l;46 < M. See Nomenclature for the definition of | Il 4e0

2. A(t) has k eigenvalues with real part less than or equal to —~a < (0 and n, — k
eigenvalues with real part greater than or equal to 8 > 0, where 0 < k < Ty =

Theorem 1
Let A(t) satisfy condition I. Then for any positive scalar € < min(a,3) there exists a
positive scalar § = §(M,a + f,¢) such that, if || £A(¢) lli4o0 <6 for every t € R, then

1. Equation (2.3) is kinematically similar to

dlw()| _ [Bg) o w,(t)
a@ [ wa(t) J = [ 0 B.1) } [ wa(t) ] ’ (2.6)
where w,(t) € RF, w,(t) € Rim-*)

2. Further, w,(t) = B,(t)w,(t) is exponentially stable and w,(t) = B, (t)w,(t) is exponen-
tially unstable. That is, the respective fundamental matrix solutions (see [20], pg.80)
W, and W, satisfy

IWeOWT ) 4o < KeT9=0 forg >
I WaOWT () l140o < Ke @0 for o> 4. (2.7)



3. The associated transformation S satisfies

I SE) iy < Ni(M,a+Bye) (2.8)
| STt lhiyoo S No(M,a+ Bie). (2.9)

Proof: This follows from Coppel’s work [21] (in particular, see Lemma 2 and Theorem 3).
O

Remark 1 Note that an important condition in the above Theorem is that A(:) is slowly
varying in time. O

The above dichotomic split of the system into stable (w,) and unstable (w,) subsystems
leads to the following bounded solution to linear system (2.2). Given A(-) satisfying the
conditions of Theorem 1, a linear operator A that finds bounded solutions to system (2.2)
is given by

Definition 2 .
For v(-) € L; N L,

too Wﬂ(t)Wa_l(T) S’(T) v(T) dr
A(v)(t) A S(t) ,
— [ WuWH(7) Sulr) v(r) dr

where

S,(t)
Su(t)

[Ikxk ka(n,,—k)] S—l(t)
[O(n,,—k)xk I(nn—k)x(n,,-k)] S—l(t),

> >

W,,W,,§ are as in Theorem 1, and without loss of generality W,(0) = I*** W,(0)

ouu

[(nn—k)x("n—k)_
Corollary 1.1 Given an operator A as in Definition 2,
Lo [ AR)) e S Gall v(-) |l,4o0 for some G4 (finite gain property)
2. A:LiNnLe, > LiNL,NCO
3. t_lér_noo A(v)(t) = t—léinoo A(v)(t)=0
Proof: See [1]. ]

This linear operator, A, finds a bounded solution to an unstable linear system. This operator
is extended to a nonlinear operator (that finds bounded solutions to the nonlinear internal
dynamics) in the next Subsection.



2.2 Generalizing A to Nonlinear Case; the Operator N/

The following Condition requires that, the perturbation term in equation (2.1) satisfies a
locally Lipschitz-like condition in both nand Y.

Condition II The pair [s(-, ), A(-)] satisfies condition II if, for any Yi(-),Y2(-) € Brv
and 7m(-),n2(-) € B, the perturbation term s[n(-), Y (),] = A(*)n(-) satisfies the following
Lipschitz-like condition (uniformly in t),

IHslm(®), Ya(2),8] - A()m ()} - {s[na(t), Ya(t), 8] — A(t)ma(t)} [

< K| m(t) - n2(t) ”l+oo + K2” Yl(t) - Y:.’(t) ”l+oo (2°10)
where s : £ x Ry x R o R, A e 3?("""""), and B, denotes a ball of radius r in the
appropriate space (see nomenclature) . O

Remark 2 Condition II is applicable even when s(+,+,-) is not differentiable. For example,
s[n(t), Y (2),t] = n(t) + 0.1|n(t)| + Y (t), which is not differentiable at n = 0, satisfies the
above condition with A(t) = 1. However, a s[n(-),Y(-),-] with a step discontinuity in the
first variable at 7 = 0 does not satisfy this Lipschitz-like Condition II for any A(-). O

Next, the linear operator A is used to define a contraction, Py (-). In particular, Theorem 2
will show that Py (-) is a contraction and Theorem 3 will show that the fixed point of Py, () is
a bounded solution to the nonlinear internal dynamics (1.3). Note that, for ease in notation,
Y(-) and Y;(-) are represented as Y and Yy respectively.

Definition 3

Prm(t) & Alsln(-),Y(),]— AC)n()](2), (2.11)

where Y(-) € Brv, n(-) € B, A(*) satisfies Condition I and the conditions of Theorem 1,
and [s(-,-,-), A(-)] satisfies condition II. Note that, for ease in notation, n(-) is represented
by n whenever the meaning is clear. ' a

Theorem 2 Let the conditions in Definition 3 be satisfied, and the Lipschitz constants, (K7, K;),
in Condition II satisfy A1G4 < 1, and KyGa <1~ K G4, where G 4 is the bound on the
gain of the linear operator A (see Corollary 1.1). Then, there exists a unique 7;.(-) € Brr,
such that ny(t) = Py [ny()(1).

Proof: From Corollary 1.1 for any Y(-) € B™ we have
” PY(’?)() “l+oo < GA ” S[T](‘),Y('), ] - A()’?() ”l+oo
S Gu (Killn() oo + Kol Y llyen) (2.12)

Since Y(-) € BP'¥ implies || Y ()|l 40 <, we have from K,G4 < 1 — K1G4, that Py():
B — BIm. Next, from the definition of Py, linearity of A, Corollary 1.1 and condition II,
we obtain

FPy(m)C) = Py(m)() lhyoo < Gakylm() - 120) 14 00- (2.13)
GaK, < 1, implies that Py(-)isa contraction, and the Theorem follows from the Contraction
Mapping Theorem. a



Remark 3 Equation (2.13) implies that Py [n(-)](-) is Lipschitz in n(-). O

Theorem 3 Let the conditions of Theorem 2 be satisfied, Y(-) € BY and N (Y) A ny(-).
Then (see [3] for an analogous result)

1. N(-): B = B0 Coand LN(Y)](t) = s[N(Y)|(t),Y(2),t] ae. int € R.
2. lim W) = lim N(Y)]() = 0

Proof: Theorem 2 and the Contraction Mapping Theorem implies the existence of a unique
fixed point 5y (-) € BP" such that

my(t) = Py(ny)(t) = Alsln (), Y(), ] — ACmy())(E)

. K;G4
75 () 4o < 1—:71-6“ Y () [l 1400 (2.14)

hence 75 (-) € L1 N Ly, N C? from which the first assertion of the Theorem follows. Next,
consider the sequence

w() = 0
() = Prlup)d), (2.15)

which converges to iy (-) uniformly in ¢. The uniform convergence of this sequence, and the
fact that :

Jim 7y(t) = lim np(t) =0

for all n > 0 (by Corollary 1.1), implies the second assertion of the Theorem. m]
In particular, the last Theorem shows that n4(-) A [N(Ya)](-) = n3,(:) is a bounded solution
to the internal dynamics (1.3), i.e., 74(2) = s[na(?), Ya(2),1] .

3 Computational Issues

Computation of the inverse input-trajectory, u4(+) requires: (a) iterative integrations over an
infinite time window to find [A(Y3)](-) (Section 2); and (b) computation of a transformation
S that achieves the dichotomic split (Definition 1), which is also an iterative process ( see
[21], Theorem 2 and Theorem 3). In this Section we show that it is possible to compute
with a single iterative process, an approrimate inverse input-trajectory, 4(-), and establish

bounds on the error, || 44(-) — ug(-) ||, 4c0-

3.1 Errors due to truncations and finite iterations

In the last Section, we found a bounded solution to the internal dynamics (1.3) by iteratively
finding the fixed point of the contraction Py,(-). Each step in the iterative procedure required
computations over the whole real line. Here we truncate Py,(-), to the compact interval
[-T,T) and thus define a new operator Py, 7(-). In the following, we begin with a general
output trajectory Y(-).



Definition 4 Let the conditions in Definition 3 be satisfied, v(-) € Ly N Ly, Y(-) € Bry,
and T € R. Then

L W)W (1) Si(r) v(r) dr
Ar(v)(t) A S(t) ,
~ [ W)W (r) Su(r) v(r) dr

forall te [-T,T)

0 otherwise,

lit>

Pra(m(@) A Ar(sln(-),Y(-),-] = A(-)n(-)] (2)
with §,S,, Sy, W,, W, as in Definition 2 . ]

The following Theorem will establish that the above truncated map, Pyr(-), is also a con-
traction. The goal is to show that. for a given Y(-), the fixed point of the truncated map is
close to the fixed point of the original map, Py ().

Theorem 4 If G4, the bound on the gain of the linear operator A K, and K, are suffi-
ciently small then there exists y.7(-). a unique fixed point of Py1(-). Further, the sequence
{TIY,T,m(')}:;m deﬁned by

m.rol-) é 0
MmTmerlt) A Pyrr(nyrm)(t) (3.1)
converges to 7y, r(-) in the || -||,,  sense (as m increases).
Proof: This follows from arguments similar to those in the proof of Theorem 3. o
The following lemma establishes that Pyn)(-) = 7Jim Py,r(n)(-), in the || ‘|l 400 SEDSE.
—00

Lemma 1 Let 5(-) € B™. Then limy_ . | Py(m)(:) = Prr(n)() ly4oo =0
Proof: We first show that
A [ Py (n)() = Pyr(n)(-) |, = 0.

For ease in terminology we will use the following notations

D A s[n(t),Y(),t] - A(t)n(t)
Y(t.7) A u’,(t)W:l(T) Ss(7) v(7)
n(t.7) A Wu(t)Wu_l(T) Su(T) (7).



Then from Definitions 2,3 and 4, we obtain

I Py = PramOl, = [ :: I AGE) = Ar()(E)
+ [ 1 A0)® — Ar()(e) at
+ /T TIAME) — Ar()(@) | dt

We illustrate the proof technique for only one of the terms. The rest of the proof follows
from similar algebraic manipulations. From Definition 2 and Definition 4,

-T -T t
L 1A® =A@ ) < [ 1S@ N [l w7 lydra
-T 400
[ NSO L7 1 wtt ) ldrat

For the first term on the r.h.s. apply inequalities, (2.7), (2.8) and (2.9) to obtain
-T t T rt
L NSO [ _Nne)ldrdt < NNk [ [ etematon) y(r) | arat

-T ,-T '
S MNK [ [ e @0 y(r) |, dtdr

Nl N2K /‘T [1 _ é(a—c)(T+r)] ” 7(7_) ”ldT )

a —¢€ —00

Since 7 < =T, and a — ¢ > 0, we have 0 < ele—{T+7) <1 and hence

-7 ¢ NN K
fLousn [ iaenndra < 2

- a—¢

-T
IR IR

This tends to 0 as T — oo if 7(-) € L,. which follows from the definition of ¥(-), Condition II,
n()eLiNLyand Y(-) € LN L. Similarly, the other terms also tend to zero as T — oo.
The key is to rewrite them, either as integrals from —oo to —T, or as integrals from T to co
and then show that the integrals go to zero as T tends to infinity.

Next we show that limr,a || Py (n)(t) — Pyr(n)(t) lo = O, uniformly in ¢. We split the
proof into three parts: (a) t < —T; (b) =T <t < T; and (c) T < t. We illustrate the proof
technique for case t < =T only. Fort < =T

I Py(m)() = Pram)(t)ll, < | Py(n)(t) — Pyr(n)(t) ],
= || A()(t) = Ar(v)@®) ],

< SO hhaeo ([ N0t erl+ [ 1wt rrar )
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t 00
< NN ([ e a(ryar ), 4 [ emto-ate-oy y(r)ar ;)

< Mk ([ a)irl, + [ ot )

7 € L; implies that the r.h.s tends to 0 as T — oo independent of ¢, and hence .A.s tends to
zero uniformly in ¢. The other two cases, when ¢ > —T', can be proved by similar arguments.

Thus, the limit is established in the [ - I, and in the || - ||, norms, which completes the
proof. O

The next Lemma states that ny.r(-), the fixed point of the truncated operator Py r(-), tends
to 73 (-), the fixed point of the operator Py(:),as T — oo
(see [20], page 7, for a related Theorem).

Lemma 2 For all ¢; > 0 there exists Ti(e1) such that T > Ty(¢;) implies that

I 75.2() =19 () oo < &

Proof:

F7rC) =7 () oo = |l Pyr(mr) () - Py 15) () 1400

< NPy (137.2) () = Py 03) ()l
Py (13.2) () = Py (m50) ()l

using the triangle inequality. Next, using the Lipschitz property of Py (-) we obtain (see
Remark 3)

| nvr(-) — 3 () hieo < R1GL| Mvr() = 15 () 1o
+I Py (0.2) () = Py (n52) () o

= 1920 =1 Olse € 75 Py (1) O = Prr (12) () s

Note, from Lemma 1, we have Py(ny7) = 7]im Py,r(ny,r), and hence the right hand side
—o0

can be made arbitrarily small by choosing T large enough. O
The next Theorem gives the main result that, the inverse trajectory can be approximated (ar-
bitrarily closely) by choosing a large enough time window for computations in each iteration
and by using a sufficiently large number of iterations.

Theorem 5 Given ¢ > 0 there exists M,T* such that m > M, T > T* implies that
| 2a(-) — ug(-) 1400 < €, where ug is defined by equation (1.4) and the approximate inverse-

input 44(-) is defined as

@a(t) A [BICa(t), v, rom(t), 1] [yy)(t)—a[}ﬁ(t),ﬂn,r,m(t),t]]- (3.2)

10



Proof: Lemma 2 and the convergence of sequence 7y, 7..(-) (see equation (3.1)) imply that
| 7va.7m(-) = 7%,(*) |, 400 can be made arbitrarily small by choosing T and m large enough.
The Theorem follows from the continuity of 4(t) in n(t). O

Summarizing, given an € > 0, 44(+) can be computed through a finite number (m) of iterative
integrations performed over a closed time interval [~T*, T*], such that || 44(-) — ua(-) |}, 00 <
e. This bound, ¢, can be made arbitrarily small by increasing 7* and m.

3.2 Computation of S(-)

Given a nonlinear time-varying internal dynamics, f(t) = s{n(t), Y(¢), ], the key is to find a
pair (A(-), S(-)) such that: (a) s[n(t),Y(t),t] — An(2) satisfies the Lipschitz-like Condition II;
and (b) the change of variables () = S(¢)w(t) achieves the dichotomic split of the linear
equation 7(t) = A(t)n(t). The existence of the block-diagonalizing transformation S(t) has
been studied in [21], however, the computation of the transformation is iterative. Below, we

present a modified algorithm that circumvents the iteration.
Algorithm for S(-) [Coppel]

1. Choose A(-) (not necessarily = 13) such that; (a) || A(t) ||, 400 is bounded, and slowly
varying; and (b) s[n(t), Y(t),t] — An(t) satisfies the Lipschitz-like Condition II.

2. Compute the projection operator (onto the stable subspace of A(t))
1 -1
P) A 5 L AT = At)"'d),

where v is the simple closed curve in the left half plane formed by the imaginary axis
and part of the circle |A] > || A|| (see [21], page 511)

3. solve the first order linear ordinary differential equation ([21], page 513)
U(t) = [P()P(t) = P)POIU(t); U(0) = I,
4. and compute S(¢) A U(t)R™(t) with
R(t) A [PO)UT(1)U(1)P(0) + {I — P(O)}U*()U){I — P(0)})/.

This S(t) cannot be used to decouple A(t), although such a decoupling transformation
can be found using the iterative algorithm in ([21)], see Theorem 2). Instead, we choose
an alternate A(-) matrix.

5. Choose A(t) A A(t) + S(t)S~\(t) o

It follows from Coppel ([21] Theorem 3) that: (a) S(-) decomposes A(-) as in Theorem 1;
and (b) || S(t)S~1(¢) ) ll14c0 is proportional to the || A(-)||,,.,. This proportional dependence
implies that A(-) also satisfies the Lipschitz-like Condition II. (if it is satisfied by a slowly-

varying A(-)). This concludes the algorithm to compute the dichotomic split of the linearized
internal dynamics.

11



4 Conclusions

In this paper we have defined a new method for inverting nonlinear nonminimum-phase
time-varying systems, and have presented a constructive algorithm for computing inverse
trajectories. The inverse trajectories form the basis of a new exact output tracking controller.
Since the noncausal inverses decay to zero exponentially in negative time, truncation is
attractive and was analyzed - all the desirable continuity properties of the truncation were
shown to hold.
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Nomenclature
If z(-) (also denoted by z) is a vector valued function with 2(t) = [z,(2) z2(2) z3(2). .. T, ()7
i.e.,z(t) € R", then || z(¢t) I} A Ti=7 |2i(t)] is the standard 1-norm in R 2(t) [l.o A max; |z,(2)|
is the standard oo-norm in ®”, and || Z(t) 1400 A Il (@) )], + || 2(2) llo-
If 2(t) € R**™ is a matrix then Il 2(t) ]|, is the induced I-norm,
I 2(2) [l A supy s, yere | 2(2) yl,/1 91
| =(t)l, is the induced oc-norm, | 2(1) [, A supyso, yeqn I 2(8) |/l ..
and | 2(t) [, oAl 2(0) ), + || 2(1)]
If z(-) (also denoted by z) is a vector valued measurable function, then
Izl Al 2()ll, & %, 2(1) [, dt, '
12 1oy A1 2() |,y A e585up,eq [ (1) [, and
D 2C) sl 2OV, + ()
Y(:) € B! implies Y(t) € R* and Y o <
n(-) € B implies n(t) € R™ and I 2() 4o < 7
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I. Introduction

IVEN a desired output trajectory, inversion-based techniques

find input-state trajectories required to exactly track the
output.!:2 These inversion-based techniques have been successfully
applied to the endpoint tracking control of multijoint fiexible ma-
nipulators in Ref. 3 and to aircraft control in Ref. 4. The specified
output trajectory uniquely determines the required input and state
trajectories that are found through inversion. These input-state tra-
jectories exactly track the desired output; however, they might not
meet acceptable performance requirements. For example, during
slewing maneuvers of flexible structures, the structural deforma-
tions, which depend on the required state trajectories, may be unac-
ceptably large. Further, the required inputs might cause actuator sat-
uration during an exact tracking maneuver, for example, in the flight
control of conventional takeoff and landing aircraft.’ In such situ-
ations, a compromise is desired between the tracking requirement
and other goals such as reduction of internal vibrations and preven-
tion of actuator saturation; the desired output trajectory needs to be
redesigned.

Here, we pose the trajectory redesign problem as an optimization
of a general quadratic cost function and solve it in the context of
linear systems. The solution is obtained as an off-line prefilter of the
desired output trajectory. An advantage of our technique is that the
prefilter is independent of the particular trajectory. The prefilter can
therefore be precomputed, which is a major advantage over other
optimization approaches (see Ref. 6 for further references).

Previous works have addressed the issue of preshaping inputs
to minimize residual and in-maneuver vibrations for flexible struc-
tures; see, for example, Refs. 6 and 7. Since the command preshap-

.ing is computed offline, in Ref. 8, the use of noncausal prefilters has
been suggested—such noncausality is allowable since the command
preshaping is computed off-line. Further, minimization of optimal
quadratic cost functions has also been previously used to preshape
command inputs for disturbance rejection in Ref. 9. All of these ap-
proaches are applicable when the inputs to the systems are known a
priori. Typically, outputs (not inputs) are specified in tracking prob-
iems, and hence the input trajectories have to be computed. The
inputs to the system are, however, difficult to determine for non-
minimum phase systems like flexible structures. One approach to
solve this problem is to 1) choose a tracking controller (the de-
sired output trajectory is now an input 1o the closed-loop system)
and 2) redesign this input to the closed-loop system. Thus, we ef-
fectively perform output redesign.5 These redesigns are, however,
dependent on the choice of the tracking controllers.!” Thus, the
controller optimization and trajectory redesign problems become
coupled; this coupled optimization is still an open problem. In con-
trast, we decouple the trajectory redesign problem from the choice
of feedback-based tracking controiler. It is noted that our approach
remains valid when a particular tracking controller is chosen. In
addition, the formulation of our problem not only allows for the
minimization of residual vibrations as in available techniques® but
also allows for the optimal reduction of vibrations during the ma-
neuver, e.g., the altitude control of flexible spacecraft.’ We begin by
formulating the optimal output trajectory redesign problem and then
solve it in the context of general linear systems. This theory is then
applied to an example flexible structure, and simulation results are
provided.
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publication May 30, 1996. Copyright © 1996 by the American Institute of
Aeronautics and Astronautics, Inc. All rights reserved.

* Assistant Professor, Department of Mechanical Engineering. Member
AlIAA.

ENGINEERING NOTES 1189

II. Problem Formulation
System Inversion for Exact Tracking
Consider a square system described by

x = Ax + Bu. y=Cx

where x € ®", u € R?, and y € ®P. The inversion approach’ finds
a bounded input-state trajectory that satisfies the preceding system
equations and yields the exact desired output, i.e.,

Xeet = AXeeg + Bugy, Vi = Cxees

The inverse input-state trajectories can be described in terms of
Fourier transforms as!"! )
up(jo) = [C(jol — A)! B 'yi(jw) = G;' (jw)ya(j@) a
xet(jw) = [(jol — A) 7' Blugs(jo) = G (jowusr(jw)
This Fourier-based inversion approach has been extended to non-
linear time-varying nonminimum phase systems in Ref. 2; however,
we restrict our discussion to linear time-invariant systems.
Remark. We note two results. One, an inverse exists if the output
and a certain number of its time derivatives are bounded. The number
of time derivatives of the output that needs to be specified for an
inverse to exist is well defined and depends on the relative degree of
the system.2!2 Second, for linear hyperbolic systems, if the inverse
exists, then it is unique.’?

Performance Criterion

Trajectory redesign seeks a compromise between the goal of
tracking the desired trajectory and other goals such as reducing
the magnitude of input and vibrations. We formulate this redesign
problem as the minimization of a quadratic cost function of the type

f {u(®) Ru(®) + x ()7 Qex (1)

o0

+ () = ya@V @Iy (1) — ya)}} &t
where R, Oy, and Q, represent the weight on control input, states,
and the error in output tracking, respectively.
Using Parseval’s theorem, we rewrite our optimization problem
in frequency domain as the minimization of the cost function

J= f {uGw)* Ru(j) + x(jo) Q:x(jw)

20
+ () = ya(j)) @) [y(w) — ya(jo)}} dw @)
where the superscript * denotes complex conjugate transpose.

Optimal Redesign of the Output

Our main result is given by the following lemma, which shows that
the optimal output trajectory redesign can be described as a prefilter,
which maps desired output trajectories yy to the redesigned output
trajectory Yo This prefilter G, does not depend on the particular
choice of desired trajectory and hence can be precomputed.

Lemma. The modified output trajectory Yop: is given by yop (J w) =
Gy (jw)ya(jw), where

G;(jw) =1-G,[R+G; Q.G + 6:0,G,]"
x [R +G10.G.]G;"

The modified input trajectory Uom is givenby uep(jw) =ugs (o) +
Vo (J @), Where vop{jw) = G, (jw)yq(jw) and

Go(jw) = —(R+G;Q:Gx + G10,G,)”

x(R +G;0:Gx)G;' €)
Note that the dependence on j is not explicitly written for com-
pactness.

Proof. Without loss of generality, we rewrite the input « as the
sum of the feedforward input, G 'y,, found from inversion of the
desired trajectory, and an arbitrary v:

u(jo) = ug (jw) + v(jw) = G} ' (jo)ys(jo) + v(jo) “4)

Substituting x (jw) =G (jw)u(jw) and y(jw) = G,(jou(jw)
along with the preceding Eq. (4) for u into the cost function given
by Eq. (2), we obtain
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oc
J= / {[v+(R+6G:0.G. +G;0,6,)™
-0
x (R+G10.G,)G5'ya]" * (R+ G:0,G, + G;0,G,)
x[v+(R+6;0.6, +6;0,G,)™"
x (R+G10:G.)6; v] + (G, ') [(R + G:0.G,)
+(R+ G;Q,G,)' x (R+G;0:G, + G;QyG,V)-I
x (R+G;0.G.)](G7'va)} dw
Note that the cost function is quadratic in v. Therefore, the cost
function is minimized by setting this quadratic term to zero, i.e.,
choosing v(jw) = Vo {Jw) = Gy (jw)ys(jw), where G, is defined

by Eq. (3) in the lemma. The choice of v = Vop defines the optimal
input uq, through Eq. (4) as

uom(jo) =[G} (jo) + Gy (jo) |yaljw) )

The result follows from Yop(jw) = G_y(jw)uo,,,(jw) ={1+G,(jow)

Gy(jo)lya(jw). D
III. Example

Consider a flexible structure consisting of two freely rotating
disks connected by a thin shaft. A motor is attached between the
connecting shaft and one of the disks. Input to the system is torque
t provided by a dc motor, and the outputs are the angular rotations of
the two disks 6, and &,. These angular rotations are measured using
potentiometers. The transfer function of an experimental system,
which includes the rigid-body mode and one flexible mode, was
obtained using a HP3562A Dynamic Signal Analyzer as

6 1.8139s% +0.3077s + 6.1041
T st 40276553 + 6.104152

6, 0.275s2 — 0.1187s + 6.1041
T 54 40.276553 + 6104152

©

With the state vector x chosen as x = [6, 6, 6, 6], the system
equations can be represented in state~space form as x = Ax + Bu,
ie.,

8, 0 1 0 0
d |6 [ | -31555 —0.1640 3.1555 0.3845
a6 i~ 0 0 0 1
6, 2.8956 —0.0899 -2.8956 —0.1124
8, 0
6 1.8139
“le [T o

6, 0.27

withy = 6, = [0 1 0 0]x. The control objective is to track the
angular rotation 6, of the disk that is farthest away from the motor
(see Fig. 1 for the desired output trajectory).

The relative degree of a single-input/single-output linear system
is the number of zeros at infinity.'? For our system, with the torque
as input and 6, as output, the transfer function has four poles and
two finite zeros [see Eq. (6)]. Thus, the number of zeros at infinity
are two, and hence the relative degree is two. This implies that the
second derivative of the desired output, i.e., the desired angular
acceleration profile of the output, uniquely determines the required
input-state trajectory and the resulting structural vibration, 6, — 6,2
If the internal vibrations are to be reduced, then we have to relax the
exact tracking requirement. Similarly, to reduce the required input
amplitudes we have to compromise exact tracking. This tradeoff
can be represented as the minimization of a general quadratic cost
function (Sec. II) of the form

/ ()" Ru@) + ()7 0. x (1)

o0

+O =y Qyly (@) ~ ya0)]} dr

where R =r, 0, = ¢,, and

1 -1 0 0

-1 100

Qx =4 0 000
0 00 0

The scalars r, g,, and g, represent the relative weight on the re-
duction of inputs, structural vibrations, and tracking errors, respec-
tively. To reduce the vibrations and control inputs, we choose r = I,
4x = 5000, and g, = 1 in our simulations. Figure 1 shows the modi-
fication for a desired trajectory— about 10% of the final slew angle.
The maximum magnitude of the required input, however, is reduced
by 60%, and the corresponding structural vibration, 8, — 8, is re-
duced by 20% (compared with results from exact tracking of the
initial desired trajectory).

IV. Conclusion

We formulated and solved the trajectory redesi gn problem in the
context of linear invertible systems, including nonminimum phase
systems. Thus, we provide a systematic approach to an optimal
tradeoff between tracking desired trajectory and other goals such as
vibration reduction and reduction of required inputs. The approach
was applied to an example flexible structure, and simulation results
were presented. Future work will address trajectory redesign for
nonlinear systems.
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Exact-output tracking theory for systems with parameter jumps
SANTOSH DEVASIAt, BRAD PADEN} and CARLO ROSSI§

We consider the exact output tracking problem for systems with parameter jumps.
Necessary and sufficient conditions are derived for the elimination of switching-
introduced output transient. Previous works have studied this problem by devel-
oping a regulator that maintains exact tracking through parameter jumps
(switches). Such techniques are, however, only applicable to minimum-phase sys-
tems. In contrast, our approach is applicable to non-minimum-phase systems and it
obtains bounded but possibly non-causal solutions. If the reference trajectories are
generated by an exosystem, then we develop an exact-tracking controller in a feed-
back form. As in standard regulator theory, we obtain a linear map from the states
of the exosystem to the desired system state which is defined via a matrix differ-
ential equation. The constant solution of this differential equation provides asymp-
totic tracking, and coincides with the feedback law used in standard regulator
theory. The obtained results are applied to a simple flexible manipulator with
jumps in the pay-load mass.

1. Introduction
We study the exact-output tracking of systems that are described by

X(1) = Afk(D)]x (1) + B{k(r)]u(z)}
»(1) = Clk(1)]x(n)

where x € R", with the same number of inputs as outputs u(s), v(1) € R". The system
matrices A(k). B(k) and C(k) are constant over the time intervals /;. where A belongs
to a finite index set .# 210... ., N]. and the parameter change (switch) occurs at
times £ = f, t5, ...,y (see Fig. 1). Here, the switching times are known. in contrast
to systems where the switches may be signal-driven.

For constant linear systems, asymptotic output-tracking problems have received
much attention in the past. In particular, the regulator theory (Francis 1977, Basile
and Marro 1992, Wonham 1985) provides a general framework in which the asymp-
totic output tracking can be solved when the reference trajectory is generated
through a linear exosystem. In the presence of switches in the system. one technique
for achieving output regulation is to switch the regulator. Note that regulation can
be recovered between two consecutive switches (due to asymptotic properties), espe-
cially if the switching occurs far apart in time. However, this technique also tends to
induce transients in the output during the switches.

(1)

Received 10 February 1996. Revised 21 July 1996. Communicated by Professor D. Q.
Mayne.

+ Department of Mechanical Engineering, University of Utah. Salt Lake City. UT 84112,
U.S.A. Tel: +1 (801) 581 4613; e-mail: santoshia me.utah.edu.

1 Department of Mechanical Engineering, University of California at Santa Barbara, CA
93106, U.S.A.

§ DEIS—Universita di Bologna, Viale Risorgimento 2, 401362 Bologna. Italy.

0020-7179.97 $12.00 « 1997 Taylor & Francis Ltd



118 S. Devasia et al.
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Figure 1. The switching times.

In order to eliminate these switching-caused transients, a regulation scheme
that maintains exact trajectory tracking across system switches must be used. This
fairly new problem has been studied by Marro and Piazzi (1993) for minimum-
phase systems. In this work, a feedforward action is used in conjunction with the
feedback defined by the regulator to cancel the output transients across the
switches.

We propose an alternative approach for exact output-tracking of switched sys-
tems, which is also applicable to non-minimum-phase systems. In the non-minimum-
phase case, a bounded non-causal solution is obtained (Devasia et al. 1996) that
requires preknowledge of the reference trajectory and of all the switching times. Such
exact tracking schemes based on non-causal schemes is useful in problems like
aircraft gmdance (Meyer et al. 1995, Hunt er al. 1996).

We present necessary and sufficient conditions for the solvability of the inversion
problem for linear systems with switches; the inverse is used to track the desired
output. We consider two kinds of desired output trajectory: a single pre-specified
trajectory, or one belonging to a class of outputs generated by a given linear exo-
system, that could undergo parameter changes as well. In this latter case, we obtain
the solution in a time-varying feedback form, where the feedback matrix satisfies a
matrix ordinary differential equation. The equilibrium solution of this differential
equation solves the asymptotic output tracking problem, and coincides with the
feedback matrix resulting from the standard regulator. This establishes an interesting
connection between our approach and the traditional regulator theory.

The paper is organized as follows: in § 2 the exact tracking of a single prescribed
output trajectory is considered, and necessary and sufficient conditions are pre-
sented. A geometric version of the obtained conditions is also provided. In §3 the
case of reference trajectory obtained through a linear exosystem will be treated. The
conditions of the previous section when rearranged establish a close relationship
with the traditional theory of output regulation. Section 4 focuses on the additional
problem of stability of the closed loop system. Finally, § 5 presents the application of
the developed theory to a simple non-minimum-phase switched system, given by a
flexible beam subjected to step variation of the pay-load mass. Conclusions end the

paper.

2. Tracking a prescribed output trajectory

Below we formulate the exact tracking problem for a prescribed output trajec-
tory, and establish necessary and sufficient conditions for its solvability. Geometric
interpretations of these conditions are also provided.



Exact-output tracking theory for systems with parameter jumps 119

2.1. The inversion problem

Given a desired output trajectory yq, find a pair of state and input trajectories x4
and uy such that:

(a) x4 and uy satisfy the system (1):
(1) = Alk(0)]xg(1) + Bk(O]ua(r), Ve € (~00,50) 2
(h) exact output tracking is achieved (even across switches):
va(t) = Clk(0)]xg(t), Vi€ (—00,c)

(c) and the inputs and state are bounded:

¥a( )l <20

g ()l < 0c

2.2. Using the inverse for exact-output tracking

The existence of an inverse (i, x4) implies that there are input-state trajectories
that yield the desired output; exact output tracking is easily achieved by stabilizing
the desired state trajectory. For example. use uy as feedforward and use the error
x — x4 for feedback (see Fig. 2). Stabilization is not the central issue in this paper.
and any scheme for feedback design can be used. For example, given (A4(k), B(k))
controllable for all &, the system may be stabilized through pole placement with all
the closed-loop poles in the same locations for all &.

Note that typically the initial conditions of the system are different from the
initial conditions of the desired state trajectory leading to initial transient errors
typical of all tracking controllers. However, once the desired level of tracking has
been achieved (due to an exponential reduction in error) our technique will maintain
tracking across parameter switches. In contrast, switching standard regulators when
the system parameters change will cause transient errors at the switching instants;
tracking will not be maintained across switches.

2.3. Exact-tracking maintaining input
We will assume the following.

Assumption 1:  The system A(k), B(k) and C(k) has a well defined vector relative
degree (Isidori 1989) for each k € A'.

C System
State Trajectory
Tracker Generator

Figure 2. The control scheme.
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Then we can find a coordinate transformation Q. such that (Isidori 1989)

Yk(t):, A Cct
= Qpx(t) = x(t)
L’k(f) Zy
where
dtra=D dlra=1) . dre=n ]’
YOl |y, 010 "D )’hyz,yz,n-,W}’zw--,yp, Ypsy-o- ’W Yp
and ry = [rg rea2 - rip) is the system’s vector relative degree for # <1<t
(where we assume ¢, = —o0). Here C¥f maps the system states into the outputs and its

time derivatives and Z, maps the states into the internal dynamics z,.
Note that a necessary condition for exact output tracking in the interval J, is that
the system state at time #; is such that

Yi(te) = Yeati)
In addition, to maintain exact tracking we need to ensure that
Yi(t) = Yia(t), V1€ [t tii1)
Let

!/

0 _ d(’k,l) ) d(fk‘z) ) d(""")
Yo = drtren) - d,1» drre) 42y ’_—dt(fk,p) Yd.p

then we can find the following unique control law (provided that Assumption 1 is
satisfied) (Isidori 1989):

ua(1) = Fex(t) + G 39 (1) 3)

such that the time derivative of the output is the same as that of the desired output
trajectory y4 (this is also a necessary condition for exact output tracking). This exact-
tracking control is completely determined by the state x(z;), and by the desired
output along with its derivatives up to the order 7.

Substituting the control law (3) into (2) we obtain for ¢ € I

X(1) = A,(k)x(t) + B,(k)yy (1) (4)

where 4, (k) = A(k) + B(k)F, B,(k) = B(k)Gy. In the transformed coordinates the
system equations for r € I, are of the form

Yi(t) = Yiea(t) }

5
40 = (k)2 (1) + 4, (k) Vi (1) + B.(k)y$ (1) ©

Our objective is to define under which conditions it is possible to define a feasible
state trajectory x4(f) such that exact trajectory tracking is preserved through all the
time intervals. There are two main hurdles. Firstly, the existence of at least a state
trajectory which maintains exact output tracking needs to be determined. This
depends on compatibility of the desired output with the given system. Secondly,
the state trajectories need to be bounded. In systems with unstable internal dynamics
(non-minimum-phase systems) generic solutions tend to be unbounded. In this case,
we need to establish additional conditions for the existence of bounded solutions to
the internal dynamics.
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In this paper we restrict ourselves to the case where: Y, 4, the output along with
its time derivatives, has a compact support [T}, Ty ] € (—o0,00); (b) the switching
occurs within this compact set; and (c) the internal dynamics are hyperbolic before 7;
and after T,. More formally, we have the following assumption.

Assumption 2: The desired output trajectory yq(-) and its time derivatives are
bounded and have compact support S(yq) = [Ti, Ty|. The switching in the system
parameters are at fixed times ty € (T;, Ty) for every k€ [1,... N].

Assumption 3:  The system (1) has hyperbolic internal dynamics, i.e. the eigenvalues
of A.(k) have non-zero real parts (no centres) for k=0 and k= N. This is
equivalent to requiring that the original system (1) have no zeros which lie on the
imaginary axis (Isidori 1989) for k =0 and k = N.

The last assumption implies the existence of transformations Qy and Qy such
that the system state can be partitioned into

Yi(1) Ct
2w (1) | = Qx(t) = | Zo | x(1) (6)
zuk(’) Zuk

where z; and z,; are the coordinates for the stable and the unstable subspaces of the
system’s internal dynamics.

2.4. Notations

Towards establishing conditions for the existence of solutions to the exact track-
ing problem for a prescribed output, we first study the dynamic evolution of the
system for a given initial condition.

Given an initial condition in an interval [, the system’s evolution for
1 €t < 1y, is described by

i

xa(1) = exp [A4, (k) (1 — 1)) xa(t) + j exp [A,(k)(t = 7)) B, (k)y{(r) dr

T
In a more compact form
xq(1) = @y (1, tx)xa(te) + (1, 1)

where
@y (1, 1) = exp [A,(k)(t — 1)

and
4

leot) = [ exp 4,00 = )] B (S (r) o
Y

The above equations describe the flow in an interval where the system does not
undergo switches. To obtain a representation of the system state in terms of an initial
state that does not belong to the same interval, we define flow compositions as
follows:

Yeilt, 1) = Pt ) o Pp 1 (th, th1) 0 -+ - 0 Pt 1)
k-1
Hii(t ) = he(t, 1) + Z Yot i{te=1, )it 1)

j=i



122 S. Devasia et al.
where
Vit t)) = Pt 1)

and
Hii(t t;) = hi(1, 1))

The system evolution for an initial condition x(7;) can be rewritten as
x(0) = Prolt, T))x(Ti) + Hio(t, T)) (7)

2.5. Necessary and sufficient conditions
We first formally state the result.

Lemma 1: Under Assumptions 1-3, the exact output tracking problem is solvable
with bounded solution if and only if the system of equations:

0
Yaulte) = CEQ¥iciote. THQG' | 0 | + CEQuH 10, T)), Vhk=1,...,N
Zu,o(Ti)
(8)
0
0=Zn| ¥no(T;. T)Os" 0 + Hyo(Ty, T}) 9)
zu,O(Ti)

admits a solution in z,o(T}).

Proof: System trajectories outside [T;, 7y], the compact support of Yy, are
bounded if and only if z,y, the unstable component of the internal-dynamics, is
zero at the end of the motion 7, and similarly the stable component zy is zero
before time 7;. Formally

0

x(T)=0;'| 0

| zuo(T3)
[0

X(Ty) = Q3 | zn(Ty)

0

Substitution of the preceding expressions into (7) computed at ¢+ = T
xX(Ty) = YyolTy, Ti)x(T;) + Hy (T, T))

gives (9). In addition, exact tracking in every interval I, is possible if it is possible to
find state trajectories that are continuous and such that C¥x(1,) = Yy (#). By using
(7), that gives the state at 1 = ¢, as a function of the initial state and the constraint on
x(T;), (B) easily follows. |

Equation (8) will be referred in the following as compatibility conditions, and (9)
will be referred to as stability condition. The compatibility conditions ensure that Y
does not jump across switches (or else unbounded inputs wouid be required). The
stability condition ensures that the autonomous system dynamics for t — +oc are
bounded.
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The algebraic conditions expressed by Lemma | can also be interpreted in a
geometric coordinate-free framework. To this end, let

N(/)k:{,\'iyk:Yd‘k(tk)}, ke{O.,N]

represents the set of the admissible system states at time 7, to achieve exact tracking
in the time interval 1, <t < 1. &, is in general a linear variety in the state space
that reduces to a linear subspace (the system internal dynamics) for & = 0.

A necessary condition for achieving exact tracking when t < 7T; is x4(T;) € &,.
Furthermore, to maintain a bounded solution for all ¢ < 7; it is necessary that the
initial state belong to the unstable subspace of the system internal dynamics
xy(Ty) € L.

Note that every x4(7;) determines a unique x4(7), given by

xa(ty) = Doty T)xg(T)) + ho(1,, T})
Hence. we can define the image of the subspace %, as
®y(1),19) 0 Lo = {x: x = o8y, 10)y + ho(t1,t0): ¥ € Lo}

which represents the linear variety composed by the points reachable at time ¢, with
the constraint of y(r) = y4(7) for all 1 € [1y.4)).

To maintain exact tracking in the next interval 1 € [t} 1), it is necessary that
xq(1)) € &,. The compatibility condition at time ¢ = ¢, states that

X)) € &yndg(t, Ti)o Ly

which is possible if and only if the linear variety

S1=L100(11,T;) 0o Ly

is not empty, i.e. if and only if ¢ intersects the image of £, under the system flow.
The same procedure can be repeated for the switching time ¢ = 1,. Starting from %,
we can flow forwards in time. To achieve exact tracking in the interval [t1. £;), the
image of %, must intersect .%,, i.e. the set

*y)l = Y:ﬂd’,(l:.tl)oy]

must be not empty and more generally, the exact tracking in ¢ € [T}, #;,) is possible
if and only if the image of %, _; under the system flow &;_,(t;,1_) intersects &,

i.e. the set
S =Lr NP (tk ty1) 0 Ly (10)

is non-empty for every k = 1,..., N. However, to obtain a bounded solution for
t > Ty, the final state at time /= T, must belong to the stable subspace of the
system internal dynamics ¥ y. Let

S, B L NN DTy ty) 0 Ly

Hence, we have proved an analogue of Lemma 1 in geometric terms.

Lemma 2: The exact output tracking problem is solvable if and only if S, is non-

empty, i.e.
I1 # B (1n
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As the flow of a linear system is a homeomorphism, the dimension of a linear
variety and that of its image are equal, and hence

dim (#) = dim (%)), j>i

This means that at each iteration (10) the set of possible solutions could reduce at
each K and that no solution is possible if it becomes the empty set for some &, i.e. it is
empty for every j = k.

2.6. Switched systems with invariant internal-dynamics subspace

We present below a particular case in which the given conditions considerably
simplify. This exemplifies the obtained results and will be illustrated with an example
in §5.

Assumption 4: The system (1) has constant relative degree r = ry for every k, and
matrix C¥ = C* is constant for every k.

It follows from the previous assumption that the coordinates outside the internal
dynamics Y, are the same for every k, and thus the internal dynamics subspace is the
same for every k. Note that the stable and unstable subspaces may still be different,
and may switch around, but are constrained to belong to the same subspace.

As Y, = C*x, the continuity of x implies that the compatibility conditions are
always satisfied.

Lemma 3: [f assumption 4 is satisfied, then the compatibility conditions are
satisfied for every smooth enough (C') desired output trajectory vq(1).

In addition, @, (t; 1, t) o ¥ C ¥y, implies that
S = Pt k) © Sy

is non-empty because 0 € #;. Further dim (¥,) = dim (%,,).
The additional condition for boundedness of solutions for r > T, is met if and
only if &y intersects &, n. The linear variety ¥y can be expressed as

eqN = Im (SN) + v
and the stable subspace of the internal dynamics can be expressed as
ys,N =Im (Lx,N)

From the previous considerations we have the following lemma.

Lemma 4: If Assumptions 1-4 hold, then the exact output tracking problem with
bounded solution is solvable if

rank [Sy Ly, =n. (12)

where n_ is the dimension of the system internal dynamics at t = T;.
As a last remark in this section, note that if not only do the internal dynamics
subspace remain constant across the switchings, as ensured by Assumption 4, but its

stable and unstable subspaces do too; then the condition (12) is always satisfied and
the problem has a solution for every admissible y4(¢). Moreover, this solution is
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unique for every given y4(r). This implies that the exact-tracking problem for a
system without switches is always solvable.

3. y4 given through an exosystem

In this section we consider how the preceding results can be specified when the
reference trajectory is not completely general but is generated through a known

linear exosystem, given by
X, = Ae(k)xe} (13)

ya = Ce (k)xe

First we solve the tracking problem when the initial state of the exosystem (at time
T;) is known in advance, hence the obtained result will be valid for the particular
reference trajectory determined by the initial condition. Later, we will extend the
approach to the case of unknown initial conditions. In this case, we look for asymp-
totic tracking of the reference trajectories for arbitrary initial conditions of the
exosystem.

We begin by studying the case where the state of the exosystem x.(T;) is known.
The system equation (4) becomes

Xg(1) = A (K)x(1) + B, (k)CE(k)xe(1) (14)

{re)

with 3% (¢) 2 C¥(k)x.(1), because all the time derivatives of the output can be
written in terms of x, by using (13).
The system evolution can then be rewritten as

(1) = Piolt, THX(T,) + Hyo(t, TH)x( T)) (15)

where

k-1
Heitot) = he(t0) + > Wit (e ) (1.0.1)

J=i
!

hy(t, 1) = J exp [4,(k)(t — 7)) B).(k)cw:(k)lpk'g(T, T,) dr
It

and ‘i’,\,o(r, T;) i1s the evolution of the exosystem (analogous to (7)). A solution to the

exact tracking problem exists if Lemma 2 is satisfied. The compatibility condition is

satisfied for all initial conditions x4(7T;) € &, if C¥* = C*. The stability condition

becomes

0 = 51200(T3) + s2x(T3) (16)
where
0
51 = Zyw¥nolTy, )05 |0
1

§3 = ZuNﬂN.o(T_/« T

In what is to follow, we will assume that the above equation has a unique
solution (iff s, is invertible). This yields a one-to-one relationship between the plant’s
state and the exosystem, as follows:
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F 0
xy(T)=@'| 0
_:u,T,( i)
[ 0
=05’ 0 2 G(T))x(T;)
_—Sl_lszxe(Ti)

What is interesting is that we can also write the desired exact tracking state
trajectory in terms of the exosystem state. By substituting the above expression
into (15) we obtain

xq(1) = G(1)xe(1)
where
G(1) 2 (#ir,(t, T)Gr) + Hir, (1, T)CHWig(N. T))xe(1) (17)
It may be verified that G(¢) satisfies the differential equation
Gel1) = A,(K)G(1) — Gy (1) Ae(k) + CE

In the case of no switching, a constant solution always exists for the above Lyapunov
equation provided that the eigenvalues of the exosystem A, are different from the
zeros of the plant eigenvalues of 4,. The above equation also provides a control
strategy when the exosystem states are not known. We estimate the state of the
exosystem as %, and regulate the trajectory x4 = G(f)x.. The stability of such a
controller is studied in the next section.

4. Stabilization

If the state of the exosystem x, is not known, then we could estimate it as X, with
lxe () = Ze (D)5 € K¢ €%'||xe(0) — %.(0)]|,. We use X4(#) = G(#)X.(¢) as the estimated
desired state trajectory, and stabilize this trajectory by using the control scheme
shown in Fig. 3. Note that the feedforward used (see (3)) is completely specified in
terms of the exosystem’s state estimate, as follows:

ug = Feaxa(t) + Fea vy (1)
= F1G(0x(1) + Fi2 CEX(1)
L Rz (1)
The state equations are of the form
X = Agx + Bi(Fix. + K(x — G(1)%,))

We require that the system in each interval is either stable or stabilizable. For
simplicity, we assume that A(k) + B(k)K is Hurwitz for all k; the arguments remain
valid if the system is stabilized through any other feedback control scheme.

The desired trajectory satisfies

i‘d = Akxd + Bkaxe
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Exosystem
+
Observer
A
Xe
Fy 1€ —  GQ)
Gd + _+ &d
X
™ x=Apx+Byu [ —>
A+ y - Ckx
feedback K P

Figure 3. Trajectory tracking with exosystem.

Let e := x — x4. Then the difference between the last two equations yields
e = (A/\ + BkK)f’ + (Bka + BAKG(t))(Qe — Xe)

The exponential stability of the error dynamics system follows from the next lemma.

Lemma 5: Given the system é = Ae + v(t), where Kje®' < |le*|, < K;e™" and
Wv()ll, < Kse™', with K1, Ka, K3 positive, then e =0 is an exponentially stable
equilibrium point, provided that a3 > ay > 0.

Proof: Using the variation of constants formula

!

e(0) + Jo e v(r) dr

||e—At

e(n]> <

2

{
< |le(0)]|, + HJ e Ty(r) dr
0

2

< e(®)> + j le 7 v(r)]ly dr

1

< \le(0)||2+K2K3J o= r
0

1
< [le(O)li; + KoKy ———

3 — (xp
provided that a; > «a;. Hence
1

Kille"e(n)], < lle™e(0)l, < le(0)]]; + KoKy ———
a3 — Q;
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the right-hand side being a constant. Therefore, for all € > 0 there exists a positive
constant K such that
lle(d)ll, < Ke~@9

5. Example

Consider the flexible structure, cantilevered at the base and free at the top, shown
in Fig. 4. It is modelled (with the finite-element method) with a single flexural ele-
ment. The degrees of freedom are the translational motion at the base x,, and the top
x5, and the rotation at the top x3. The input is a translational force at the base and
the system output is x,. The structure is loaded with a mass m,, which is changed at
several instances. The flexural element has the following properties: mass 420;
length 1; elastic modulus 1; and cross-sectional area moment of inertia 1. The objec-
tive is to maintain the top of the structure along a prescribed trajectory to facilitate
the transfer of the load. The equations of motion can be described by

M3 + Sx = Bu
where
156 54 —13 12 -12 6
M= 54 156+m, -22|, S=|-12 12 -6
—-13 -22 4 6 -6 4

x=[x; X2 x3,and B=1[1 0 0]".
In the standard form x = [x" x|’ (abuse of notation) we have the dynamics as
x= Akx + Bku
Vi = Cex
where

0 I 0
P R A S AP

Figure 4. Example.
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The desired trajectory is generated by an exosystem of the form x, = A.x,.. where

0100
1.0 0 0
A, =
0100
00 10

and the desired output is yy =1{0 0 0 I]x, 2 (C,x,. We also switch the exosystem to
A, = 0** at the initial and final times T; = 0and 7, = 2pi. The first two states of the
exosystem form an oscillator and the second state is then integrated twice to obtain
the desired output. Note that (A4, C.) is observable. Hence the exosystem states can
be estimated. In our simulations we ensure that the output trajectories have a
compact support [0,27] by choosing initial conditions of the exosystem of the
form x.(T;) = [0; % 0:0].

We also switch the mass »1, on the structure (see Fig. 4) to take the values m, = 0,
Vi€ [0,7/2]. m; = 100, V1 € (w/2.1-57], and m, = 10, ¥r € (1-57, 2x], which denotes
the jumps in the system. Note that C¥ remains constant through the switches and
hence the compatibility conditions are always satisfied. As illustrated in § 3, the map
G(0) : x(T;) — x4(T;) is given as
[—4-6715 —3-3239

0 0

6:9406  2:6672

—0-5935 14710
0 0
26851 —0-8211 0 0

—_ o o o ©
[N e i =

As an example we simulate the forward dynamics with the initial condition for the
exosystem as [0 1 0 0]. The corresponding initial system state for exact output
tracking is

xg(T;) =[-3-3239 0 26672 —1471 0 —08211)

The simulation results are shown in Fig. 5, where the exact tracking state trajec-
tory is shown: this desired state trajectory yields the desired output with an error of
10° for a motion of two units. This error is believed to be due to the numerical
integration schemes. Furthermore, the initial conditions are large and unrealistic.
The initial conditions of the system are typically not the same as the initial conditions
of the desired state trajectory; this results in initial transient errors. If the system is
stabilized then these errors decay exponentially, even if the system dynamics has
switches. This ability to maintain tracking across switches is a major advantage of
our approach. Furthermore, preactuation techniques to achieve these initial condi-
tions (with output error maintained at zero) has been developed by Devasia er al.
(1996) and we expect to integrate the two approaches in the future.

6. Conclusions

The problem of achieving exact output tracking for linear systems that present
jumps in a parameter’s values has been analysed. We have established necessary
and sufficient conditions for the existence of exact output-tracking bounded state
trajectories. When the reference trajectory is generated through an exosystem, the
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0 v 2 v v =
g 2r ) g 1+ -
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6 1
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2 e 4l |
4 41 =
15 ]
e 1 & ]
s i _3 i e A
0 5 10 15 0 5 10 15
time time

Figure 5. Simulation results.

feedforward action needed to maintain exact tracking can be written as a time-
varying feedback. Furthermore, this time-varying feedback is related to a map
from the state of the exosystem to the desired system state. The map is linear and
is shown to satisfy an ordinary differential equation. For the case of systems without
switches the presented theory reduces to the standard regulator theory. We also
showed that the desired trajectory can be stabilized and presented the simulation
results for an example flexible structure with switching mass.

Future work will attempt to remove the requirement of compact support for the
output. There is also a need to address the tracking problem for systems whose
internal dynamics may not be hyperbolic.
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